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LED Display I

Application : Mobile('05) - BLU('13) - Lighting (~ 30)-> Convergence

Past Issue
- Performances, Cost Effectiveness, New Applications

Red Ocean
> < BLU, Lightings >
50,000 Cost R&D

45,000 — — i
0 ' ' '
2013 2020 2030

® Fluorescent mHID CFL Incandescent Market R&D
Halogen m Other » LED Lamp m LED Luminaire

Long-Term Technical & Business Plan

40,000
35,000
30,000

25,000
20,000

15,000
10,000
5,000

Installed Base (TIm-hr)

y <Convergence>

X Reference : DOE SSL R&D 2016 2



| Mega Trend J

Increase 10 g Display, A
times Bio-medical ,

Transportation

-4

m ‘ Micro LED
)/ 0.001 ~ 0.1 mm

\ - 0 J
Display : 2 B x 0.1 ~ 9 M (pLEDs) = 20~1,800 trillion unit
Lighting : 50 Billion lamp x 10 LEDs =0.5 trillion unit

TV/H & HHt flolz=

L Declining Industry

(In Korea)
BLU ]
Mid-Size Large-Size
0.5 mm 1 mm

(Lighting) Low Growth
(BLU) OLED & Low Cost

(Market) Encroachment
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LED Industry III

Great Attractive Applications : Next Generation Display

4 . N
/ Display I

2.0 (AM-LED) | ‘ --------- | Level 5  UV-B/-C, SW-IR |

¢

f_

i

i

|
i
3

W-LED, nano-LED |

Y

| NIR, Pixel-WLCSP |

\ Big-Chip J

' Low-Cost Flip-Chip J

Penetrate Market Size

X SSD : Security-Safety & Defense, AM-LED : Active Matrix LED 4



LED Industry IV

& Trend ->Big Data,

287|E 9'Iﬂ|“1|0|9'|

AESXs HHFH

Radar/Lidar/Stereo
Camera, Scanner
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History

iniaturization technology in the late '90 - Display & Wearable appliances

Professor Jiang, University of Kansas Reported for the first time in Applied Physics

Micro LED and Transfer Printing Technologies Strathclyde Univ., and Rogers Research Group,
UCIC in 2008

The research for the commercialization had been accelerated in the field of display and AR/VR

¢

KSU: KSU: V'\YOLE

Texas State:
igh resolution VGA

640x480 active
matrix

Sony shows a
prototype 55" FHD
microLED TV at CES

o 72mmn ——*
|x

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 20I6

FIRST SPREADER? 18
- SUBSTRATE lf\m
Cree:
Micro-led arrays with
enhanced light extraction University of Strathclyde: HKUST: Full color with LETI: Monochrome active
active matrix and color conversion phosphor conversion matrix > 2000 PP/

Ostendo:
full RGB 5000 PPI



Advantages : High Efficiency, Low Thermal Effect

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 | Efficac Electrode % 1.0 Micro _ *®
\Current <y Current ~ 0.01 g 5 8' LED,
- X - mm 2 V.04 ¢ o
Active Layer Ligh 9 - B =
— Light — 0.6 . ¢ Conventional
~ 0.2 < ~ 2 | " LED
mm 3 0.4- \ ¢ :
N Heat | Epi 4 £ | = 25x(100x100 pm?)
" t€mp| 2 0,24 "
Plate 399, o 500x500 pm’
' . 0.0y
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



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

i\ Display
Package ‘ |
PCB ' Wearable |
(AR/VR)
PEE Bio-Medical
High DenSIt.y _Ir.ltegratlon Autonomous
Flexibility
Pros. -
et L= Drone / Robot| @®3g S o
qupcw Backplane | ¥ e
: Telecom. &
Lighting

10



< Conventional 5 Step >

b

e |

< Micro LED 3 Step >

Sapphire (LLO), Silicone (CLO)
template for separation method '

-

[ Panel & Module (Integrated Process)

S

Epi.
T :
Chip
PKG
’ Module
& 3

L Applications

Front-end 1 \ Back-end J
I Displa
Chip Process Py
for Transfer | = AR/VR
i Printing ' n Wearable
) = Vehicle
Applications
L ol ) —1_Lighting

y
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A8t/ M7HH3 > BHE

LED Control < elxjf >
Engine Gear (SMPS) LED Engine +Optic Lens

MATARSE + Heatsink

J

4 . I
Ceramic WLP/CSP
”n ) (Lead Frameless) < |:||E|| S )
G- = LED Engine
Lead Frame T || GaN on Silicone
. Al > ™3}
N <l "
COB (PCB) v H -+
7 : Phosphor -v'vmu-ct':lp }— .
). A — 2 || MicroLED |
" \ Semicon Light o
\ w.._/‘/ — )

X XtE%HZE : DOE SSL R&D Plan 2015 12



< O{0|3 = LED >
O0l0|3 2 LED &H B &

13



OHH. 28 (CCD MIA| + OF0| 22 LED/Z&HA))
¢ CMOS A" AXte} Ofo|3 2 LED H-E510{ CCDO| ZX|El Ath/XpEF | X|of cfet 3
¢ ISAL 2015 (International Symposium on Automotive Lighting)0jjA{ OSRAMA}7} & &

.T'.I-E _ch_x-l

Actuator based AFLS { \ ’ LED matrix AFLS
HBA
(High Beam

OSRAM Assistant)
INFINEON
FRAUNHOFER

_ HELLA

: DAIMLER

4 ﬂoi,._ 167HS)LED =zt
Axz ZEHM HIARRICH
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Emergency-Breaking System(BAS)

N,

pButo Parking Assistance(APA)

Gate Driver

Laser/LED

/

N

Spreading
S

Gold wh
Lo W2} bonder P

CMOS 2|2 (Silicon substrate)

Source Driver
QUNUUOUUND SURUUUuuyY uugunuuugw suoynuuyu

A0AARARNA AARAARAAAA ARRAAAAND AnRNAAARRE

adEg "eg=

- Eutectic / 0| ZEA|EH 29 >

HEM gte, CTE H|™Eof| 2|3t
M| ®st Ex|

ool 2 =
| | |Micro Lens ¥

SERRE

Pixel Array H{¥€ 1=
120 /305 O|At

(@uA =gh

o
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< Ojo|3A & LED >

< 7|Z= LED >




Capacitor

2 mm

Microimplant

AtZ &2 : Min Koo et al.,, “Biointegrated flexible inorganic light emitting diodes”, Nanobiosensors in Disease Diagnosis 2012,
Warden , Jessica A. Cardin and Karl Deisseroth.,"Optical Neural Interfaces”,

- S 25001 2191
\‘-."’ Sms g
BLLLLLIL 5 "o
100 ms s 1000
@
= 500}
8
(1] 0 =
o Heart Brain

<H|Lj o|]Al™ Micro-LED B &>

Coil

Rogers group, UIUC(Science, 2012), Melissa R.
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1W COB LED

Slcon/Flucrescent
Cawnity poOwder injection

7HA1E
=X e
olo|a 2
LED
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Back Plane
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Back Plane
TFT 32 3 A
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< KAIST : o|& >

l Deposit and
pattern Cr/Au el )

Stretc HHHH
HYj M/

Etch oxide and retrieve @B mmmmmm

Transfer Cr/Au to suk

A83IE 28t 37| &l 7|& L —— il
- 0O}0|3 2 LED Stress M Zt ™Al 3+ = : Low-Strain EZF 3= ==
> Stretchable 7|E / | 3LX : Rubber (PDMS), X231 X, Trench £ : :
> HAS g AL / 3H - BN IE g
> AT M M7|H oYM 1 : SN M Q5/3Y it

Sang-Il Park, et.al., "Printed Assemblies of Inorganic Light-Emitting Diodes for Deformable and Semitransparent Displays”, SCIENCE VOL 325 21 AUGUST 2009
Rak-Hwan Kim, et.al., Stretchable, Transparent Graphene Interconnects for Arrays of Microscale Inorganic Light Emitting Diodes on Rubber Substrates, Nano Lett. 2011, 11, 3881-3886
Chang Kyu Jeong. et.al., Self-powered fully-fl exible light-emitting system by fl exible energy harvester Energy & Environmental Science Energy Environ. Sci., 2014, 7, 4035



IMID 2015

< IMEC Stretchable Display >

13 PPI, 200 nit, amorphous indium-gallium-zinc
oxide (a-IGZO) TFT backplane

Apple

< MacRumors Apple Watch 3>

“
‘) MacRumors Got 2 tip

@ newsand rumors you care about

Mac Blog iOS Blog Roundups v Buyer's Guide Fol

iPhone 7 iPhone 8 (2017) i0S 10 macOS Sierra MacBook Pro watc

Subscribe to the {7 MacRumors Newsletter | your email Subscribe

Apple Watch May Switch to Micro-LED Display in Mid 2017 or Later

Friday June 24, 2016 8:01 am PDT by Joe Rossignol

Apple may switch to micro-LED displays for the
Apple Watch in the second half of 2017 at the
earliest, moving away from the current OLED
technology used, according to supply chain sources
for Taiwanese website DigiTimes.

The timeline suggests that the much-rumored
Apple Watch 2 lineup expected to debut in the
second half of 2016 will continue to have OLED
displays, with the move towards micro-LED panels
liking occurring in tandem with the tentatively named Apple Watch 3.

Micro-LED displays can be thinner and lighter and allow for improved color gamut,
increased brightness, and higher resolutions. The panels do not require backlighting like
traditional LCD displays, but they can be difficult and expensive to mass produce. Micro
LEDs range in size from 1-micron to 100-micron.

Earlier this year, KGI Securities analyst Ming-Chi Kuo said the Apple Watch 2 will mainly
feature internal improvements, with more significant form factor design changes not
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OWC (Optical Wireless Communication) : IEEE 802.15.7r1 2 7{2|F4
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= CHL3F Data A{H|A
¢ p-LED mt%E MEH O Transmitter 2 X=X (KOPTI Proto-Type)
¢ 0.01W p-LED (400MHz) / DCO-OFDM / 4x4 MIMO A|AHl

» Throughput = OFDM/MIMO(30 bps/Hz) x (400MHz) x ot% &% 4 x ¥
Level 4 = 12Gbps x 4 x 4 > 192 Gbps
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Smartwatches and

Small &

Micro Medium-

|
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I Augmented/Mixed
| Reality
|
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|

|

|

|

[

Automotive HUD!

|
-
|
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———————————— -

* Reference : Yole Development 2017 24



ULED Display II

MLED - Display > Foldable, Bendable,

<Rollable> | Micro-LED

KOPTI (3 ~ 100 |==* Rogers
um) B

\»

Si, GaN,
Sapphire Template

<Foldable> RGB Pixel, Interconnect, < Public Display >
e < Integration Tech. |

2 i “1“1

Transparent, Flexible,
Stretchable, TFT B/P)

Si, GaN’
Sapphire Template




' ULED Display II

Inorganic nature, High efficiency, Narrow Bands

Advantages

¢ Low energy consumption, Color gamut, Brightness, Contrast(High Dynamic Range), Fast response
rates, High viewing angles,

¢ Long life time, environmental stability(not sensitive to air, moisture...)

¢  Compatibility with flexible backplane technologies to enable curved or flexible displays.

J @ J 0 »
Energy consumption Medium Medium Very Low
Pixel density P 250%';2L:E‘2‘;{;;‘:)a‘ed Up to 5000 PPI
Brightness < 2000 Cd/m? 000 Cd Up to |E6 Cd/im2
Contrast Low to medium High High
Liecime | Gout pes
e eabilty Good R e el Eet
Refresh Rates High (ps) Very high (ns)
Viewing angles High High
Flexibility High Medium

Maturity High Medium Low

Cost Low Medium High

26



| LWLED Display III

Micro LED applications for the pixel density

= Pixel Density
¢ Less than 200 ppi > Video Display, TV, Desk-Top (System Installation Business)
¢ More than 400 ppi > Smart Watch, Smart Glass, AR/VR, MR, Micro Projector

Pixel Per Inch

0 1000 2000 3000 4000

Laptop/ Wearable Smartphones Projection micro display AR/MR

Tablets

=o g

Microsoft

e eeake $i-CMOS Backplane
S Hybridization
ULED epiwafer £l LA aphe _a \
ERCVVCES R D= omees ) : 1\YOLE
}!\_Y OLE LTPS or Oxide TFT backplane HLED epiwafer YJoéveiospenent

Source : Yole Development 2017 Micro LED Displays



MLED process is associated with Transfer Printing method

Present :

Sapphire Substrate

Present

Future :

Si Substrate

Future

Lateral/Vertical/Flip

Structure J | _Chip ) Vertical/Flip-Chip |
Wafer Size 4 inch Over 8 inch
3 A
. LLO CLO
! HifG e | (Blue/Green) (Blue/Green/Red)
TFT B/P Selective Printing |
_Interconnect Wafer Bonding Transfer Printing

LLO >

Laser

EEEESEENEEEEENEN
EEEN| EEEN] IIIA

< Se

_______________

kb o2

\ < Wafer Bonding or

Array Group
Transfer Printing >

TFT Backplane

R
Monolithic Array Group TFT Backolane
' J

< CLO >
TyYyVvyvwyyw

Chemical

ective Transfer Printing>

<Monolithic Integration

& Array Group

Transfer Printing>
Back Plane

TFT
EEEEEEENEEEEN

Back Plane

TFT
EEEEEEEEEEEER
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Chip Fabrication & Transfer Printing II

Massively Selective Transfer Printing Method

= Stamp Methodologies for Inducement of Adhesive Strength

¢ MEMS Head : Input Electrical Power > Electrostatic Force

¢ Glue Head : Supply Heat & Light & Motion (Van der Waals) > Attachment & Separation
= R2R Methodologies for Continuous Production

¢ Direct Attachment : Classify Feeding Roll and Pressure Roll

¢ Glue Film : Array the uLED on the film and rolling it, and then give pressure to film with
another roll

Electrostatic MEMS Elastomer stamp Electrostatic Stamp R2R (Rohinni) / KIMM

External Device

LuxVue-Apple Cooledge, AUO ﬁi?-
Printer Controller

} 220

U of lllinois, X-Celeprint,
Semprius, Cooledge,
AUOQ, CSOT, ITRI

)

_\_,
J

Substrate l :rgm i pattern on the
i ’—m S
;’i‘w— P \\ Q SULED he
RRARBRAAAK )
sig’ s " " v o @ ‘? ‘ . 20
FIG. 9 .:'::;.zh;m.-.l’ 204 :‘f’
w | E Iy
]—rpt—% nﬂ&fu}dLu.‘: L
Led % ]
.......... 214
:Hv) \Tmnsf harger

Source : Yole Development 2017 Micro LED Displays 29



' RGB Pixelization I

AM(Active Matrix) uLED > Color uLED + TFT (CS, PS, Oxide)

= Display Pixelization of RGB Micro LEDs
¢ Red uLED + Green uLED + Blue uLED > Selective Transfer Printing

¢ Blue uLED + nano yellow phosphor + color filter > More high density, but Lower color
reproducibility

¢ Blue uLED + Quantum Dot : Less Brightness, Higher color reproducibility

nght . - _Pixel bank
e —— Transparent electrode N
< R
& Passivation
g
[ =
) Electrod e

t:;rF“’.::"-e Planarization Layer In k.et De osition
o (Also known as Interlayer Dielectric: ILD) J I p I
W, °
% Other circuitry (not detailed): switch L | t h (o) g ra p hy
Il transistors, compensation transistors,
o capacitors,

Backplane substrate (Glass, metal, plastic)

Full RGB Emitters Blue and Green chips + Red conversion Blue chip Red and Green Conver®en
I} E '} 8 :
' S -
Red pixel Red LED (InGaAlP) Red pixel  Blue LED (InGaN) + Red converter Red pixel  Blue LED (InGaN) + Red converter
Green Pixel Green LED (InGaN) Green Pixel Green LED (InGaN) Green Pixel Blue LED (InGaN) + Green converter
Blue Pixel Blue LED (InGaN) Blue Pixel Blue LED (InGaN) Blue Pixel Blue LED (InGaN)

Source : Yole Development 2017 Micro LED Displays 30



Active Driving II

DHAME, ASH G4 A 21 > HEH | B D3R, DA S 2711
Static LED Module

LED 1 Pixel
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a Scan
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' Active Driving III

oz 2HE/OUX] B 28] o] St !

) e PWR
>
R | | T/B (TFT PWR R R
% B ] : ] I.BI.-eCK) Gate I N "t .Gate I N
O l : — R T/B — RT/B
_______ — Data I Data |
. Sizing ¥ GND
2 (W/L) — —
S . - PWR | @ G
3 L il WJ_ 1 m]_ il " Green
8 ’J_‘% % @‘ §| % % Block Gate I N " .Gate | N
- - - - - - — GT/B — GT/B
Blue I I
_ PWR GND Data Data
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2 3
Q - — et —
% B > ) PWR B B
000 1 <I 1 <I
] )
Gate I N Gate I N
v A 2 — BT/B — B T/B
o0 - — GND Datal Datal
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LED Video Display Pitch (Low 25 mm - High 0.5 mm)

= Adoption of high resolution displays with small pixel pitch resolution

¢ New opportunity : replacement market
Small Pitch (< 2 mm) Large LED Video Displays

¢ New market
» Cinema, Traffic Control Center, Hospital,

Entertainment, Game, Perfomances
¢ 1In 2025, 90% market share(34,200 m?) 30,01 ‘,'\.“?.Lf
< Sony CLEDIS > A 15,000 I | I |
{11
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Large Display II

Wired Mini-LED - Flip-Chip M-LED - pLED : FUD - UHD -> SUHD

= Lower thickness & Smaller size

¢ Assembled PKG on the panel can give a low display quality as the pixel density is higher

because of blurring effect

¢ Concavoconvex () shape on the backplane bring about the diffused reflection
between top glass and backplane > Require thin flip-chip and p-PKG

Wire
' Flip-Chip > PKG | If\lf\ ‘\
Resolution 20 PPI
Size 0.6 mm
Thickness 0.8 mm

—> (OB |

- Not easy to rework

- Yield Issue

- Difficult trouble
shooting for dead
pixel

Flip-Chip
(With Sapphire Sub.)

40 PPI

0.5 mm

0.35 mm

Flip-Chip
(With Sapphire Sub.)

Backplane

Flip-Chip
(Without Sapphire Sub.)

]
> 40 PPI
< 0.5 mm

0.2 mm

Flip-Chip
(Without Sapphire Sub.)

Backplane

34/24



Small- and Medium Display I

Big Market : Small- and Medium-Sized Display

= Micro Display

¢ Very small (less than 1cm) in size and easy to mass-produce comparatively and do not require
high maturity level of the technology (near-to-eye applications)

= Small- and Medium-Sized Display

¢ Most challenging task is to mass-produce for applications such as smartwatches, smartphones,
tablets, and TVs

= Large-Scale Display

¢ Low pixel density, but the pixel volume required is very high in these displays, which increases
the cost of the product

2017 2019 2020 2021 2022 2023 2025 CAGR
Small- and
Medium-Sized - 1575 169.3 2,1496 5,483.7 13,292.0 15,929.6 115.9%
Display
Microdisplay - 673.9 788.5 11151 13115 1,763.7 2,782.4 26.7%
Large-Scale Display 253.3 580.6 636.9 655.7 690.0 740.7 866.2 16.6%
Total 253.3 14121 1,594.7 3,920.4 7.485.3 15,796.5 19,578.2 55.0%

Source : Secondary Literature, Expert Interviews, and MarketsandMarkets Analysis 2017 35



Wafer Bonding (Hybridization) & Monolithic Integration

= Monolithic Integration (TFT) - Group Array Bonding

¢ The deposition the LED array on a CMOS or TFT matrix is not practical due to the temperature
of MOCVD above 1000 °C

¢ Various companies have suggested the use of GaN based TR same wafer as the LED array
¢ Players : Osram, Nth Degree, Lumiode, eMargin
= Wafer or Group Array Transfer & Bonding (Hybridization)

¢ The several hundred thousand pLEDs and the transistor matrix are manufactured separately
using the appropriate technologies, and then assembled together

¢ Players : LETI, Aledia, mLED, HKUST, III-V, ITRI, Osram, NAMI, Ostendo, Lumens
< Ostendo > < CEA-LETI >

EEEEE

Vvaveguide Cladding
v

Waveguide core

Didectric Sidewall
14

Driver Matrix (S-CMOS)

Source : Yole Development 2017 Micro LED Displays



Monolithic Integration
> Oxide TFT

3D Micro/Nano LED
- GaN on Si

Texas Green (1 uA ) eMagin o7 Bm:
Univ. 2o el e - 120 x 160 pixels -

> 12 um Pixel -.
ITRI Full Color 440 ppi @ 0.55" Aledia

> 427x240 array (500 nit ) i wd

- 10 um Pixel Gy L
ITRI i=e Green @0.37" (1500nit)

OSRAM

Green MQW

> 427x240 array

- 10 ~ 20 um pixel

Full Color 5000 ppi
- 1280x720 array

On Chip Narrow-Band Red
Phosphor

. Blue
LED

Silicon TFT

& fg > 5 um Pixel
-«

- B Source
..., Lumiode /ij.,m\la’“
" ‘_f_l\ InGaN | Dielectric

n-GaN

Source : Yole Development 2017 Micro LED Displays, LED Forum 2016(Taiwan)

LED Substrate
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h b Conclusion

Present very small market, but important potential market

Core technology is transfer printing, but must not ignore the
conventional technologies to commercialize for appropriate
applications (Front- and Back-end)

At first, micro display market with low pixel density is supposed
be opened

Smart phone and smart watch business will be driving force for
the growth of the total market

Active matrix technology in the field of large scale display can
accelerate the enlargement of area in line with government
policies

Because of the needs of high brightness for AR/MR applications,
micro display using pLEDs is the greatest attractive market, but
the stable monolithic structure without transfer bonding process
should be developed for the mass production
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