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1. Introduction



What is Micro-LED for Display?

LEDs with a size below 100 um are called
“Micro-LEDs”

= Sub-pixels in Micro-LED displays.

= Require high processing temperatures of over 1000 C.

= Difficult to grow and pattern directly on backplane for
display.

= Require complex manufacturing processes.
(Epi-wafer = Chip Singulation = Chip transfer & bonding)

Mini-LEDs and Micro-LEDs

OBl extar

McoleD TR,

= This image from Lextar clearly shows the difference between mini- and Micro-LEDs. It is not about size difference only but also the thickness (if substrate is
included or not)

*Referenced from IDTechEx 2021

Red, green and blue Chip Transfer and assembly: connection to the
LED epiwafers. singulation transistor matrix that controls individual pixels.

MicroLED display assembled from red, green and blue LED chips.
*Referenced from 2019 Yole Development



Advantages of Micro-LED Display

» Low power consumption
= Long Battery life
» Perfect black + very high brightness

» High Resolution/Pixel density

> Fast refresh rates

» Wide viewing angles
» Curved/flexible Display

» Long lifetime, environmental stability

Micro-LED Applications

Large video
___displays

Smartwatches
and wearables

Apple
Virtual reality

- £

Oculus

Augmented/Mixe
d Reality

Microsb
ft

Automotive

MicroLED TV prototype
(Sony, CES 2012)

Tablets

Smartphones

\

Samsung

Laptops and
convertibles

MicroLED Displays 2019 | www.yole.fr | ©2019



Micro LED issues

= Blue and Green LEDs have similar structures, materials and manufacturing processes,
but Red LEDs are completely different.

Some issues may arise when driving RGB display devices.

GaN on sapphire

AlGalnP Red LED Issue

« Conventional red LEDs have different driving voltages due to the use of a different
material (AlGalnP) than the green/blue LED (InGaN).

Epi wafer for blue and green LEDs

« Poor red LED yield. AlGalnP material is brittle and the chip transfer yield is poor.

« The manufacturing process of red LED is complicated. Substrate removal and
substrate replacement are required. Manufacturing cost rises.

— GaN based red LED required

Epi wafer for red LED

*Referenced from Micro-LED Displays 2021-2031; IDTechEx




Micro LED issues

€ Micro LED efficiency is affected by current density and temperature.

* InGaN based LED

= J-Droop: the efficiency droop with increasing current density

* AlGalnP based LED

= T-Droop : the efficiency droop with increasing temperature
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Micro LED issues

€ EQE vs. Chip Size

= The smaller the chip size, the lower the external quantum efficiency (EQE).
= The EQE of red LEDs is relatively lower compared to other green and blue LEDs.

= The AlGalnP material system is more sensitive to chip size. It has been reported that high surface recombination rates

reduce efficiency.
= There have been attempts to replace AlGalnP with GaN for red micro-LEDs.

= Although the efficiency of GaN-based red LEDs is low at present, performance is expected to gradually improve.
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* Referenced from 2019 Yole Development

* Typical external quantum efficiency(EQE) of traditional LEDs with chip size.
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2. GaN based Red LEDs



Technology trend of GaN red LEDs

€ Various attempts to create GaN-based red LEDs

Manufacturing process

Characteristics

POROTECH
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NID-GaN

* Multi-layered porous template

Complex manufacturing process,
high manufacturing cost

The Japan Society 2
of Applied Physics

EL intensity (a.u)

Wavelength (nm)

EL Intensity (arb, unts)

* GaN on Silicon method

Additional process required to
remove silicon to prevent light
absorption

OSA Publishing ®
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* Nanowire method

Mass production yield is low since the

process is complicated.

Wavelength (nm)

* Wavelength change of GaN-based Red LED according to injecting current

In the case of InGaN-based Red LED, there is a significant change in wavelength depending on the current
density, which causes problems for displays.

siitec

seitec

10" 10° 10'
Current density (A/em?)

p-GaN

GaN:Eu

n-GaN
(Unintentionally)

* Doping method

Limited performance
improvement due to the method
of doping Eu element

- u
(a) at smA (c) at 30 mA

En
‘

(e) at 200 mA

(b) at 20 mA

(d) at100mA (f) at 350mA

* Color change according to the
amount of current

If the current increases, the

wavelength becomes shorter, so red

cannot be realized.

Soft-EPi '
» GaN/Sapphire structure
* Same as existing B/G epi

growth method. Simple
manufacturing process.

Chip size@600x600(um?)

~10(A/cm?)

=7ry
6215 ° 6328 6319 6317

Wavelength (nm)

son-EPj
L] 2‘0 4‘0 GID 80 l{;ﬂ 120
Current (mA)

600

* Almost no change in
wavelength according to
injecting current

* Stable over a wide
temperature range (GaN
based)
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SOFT-EPIP’s InGaN based RED LEDs

€ Successfully developed GaN-based RED LED for the first time in Korea.

SOFT—EPI’S InGaN red LED epi wafers

= Similar to GaN epitaxial growth technology for growing blue LED epi.
in >
Red light success from Soft-Epi

= No new facility investment is required for red LED. (AIGalnP LED requires separate GaAs epitaxial MOCVD)

AN

= Almost no change in wavelength with injection current density.

Red emission image of GaN- Red emissionimage of GaN-

based epitaxial wafer grown based LED chip (Lateral Chip Video of GaN-based LED emitting red light

on PSS (pattered Sapphire 60oum x600um) Epitaxial wafer grown on DSP sapphire substrate
Substrate)

*Related articles
=  https://compoundsemiconductor.net/article/114788/Soft-Epi_to_ship GaN_red_epi wafers_for Micro LEDs

=  https://compoundsemiconductor.net/article/114965/Red light success from_Soft-Epi
= https://english.etnews.com/20210518200002

12



https://youtu.be/3Nrq26_ixrQ
https://english.etnews.com/20210518200002
https://compoundsemiconductor.net/article/114965/Red_light_success_from_Soft-Epi
https://compoundsemiconductor.net/article/114788/Soft-Epi_to_ship_GaN_red_epi_wafers_for_Micro_LEDs

Characteristics of Soft-Epi’s InGaN Red LED
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3. GaN based Monolithic RGB LEDs



Technology trend of Monolithic LEDs

» |ndividual R,G,B Epi wafer ~.  Laterally arranged RGB LED chips

Difficult
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, W w \ i
Sapphire \\ //
3-Epitaxy (R/G/B) 3-Chip Manufacturing 3- Chip Transferring
[ Monolithic RGB LED with wafer bonding ] "
Example of monolithic RGB LED
» Stacked RGB Epi layer with wafer bonding e EBESY

\
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AlGalnP/GaAs
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+

C
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i
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Stacked RGB wafer

£
&
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&
&

1
.. Wafer bonding & substrate removal 2SS

3-Epitaxy(R/G/B) 2-Wafer Bonding 1-Chip Manufacturing 1- Chip Transferring Final Pixel

GaN/Sapphire
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Technology trend of Monolithic LEDs

Vertically stacked Monolithic RGB LED

1

Epi layer or chip bonding is required.

. Wafer Bonding
B/G Epi R Epi .
@ +
Sapphire GaAs

B/G grows at once

GaAs Removal

- @

RGB stacked Wafer

Wafer bonding & substrate removal

3.

Epi layer transfer (MIT)

Blue uLED

encap.

Red uLED O Ni/Au TCE
—
PU/Si substrate LD mesa
: '\yjff " structure

AVertical full-colour micro-LEDs via 2D materials-based layer transfer ;
Nature volume 614, pages81-87 (2023)

2. RGB LED Chip bonding with adhesive

Monolithic integration of AlGalnP red and InGaN blue/green LEDs 369

(a) (b)

Sapphire

Fig. 17 Schematic of the RGB LEDs by full adhesive bonding. (A) Cross-sectional views
of the final device. (B) Optical microscopic image of the RGB LEDs in the white color
mode (Mun et al., 2021).

* Semiconductors and Semimetals, Volume 106, 2021, Pages 345-387

2D materials based layer transfer (2DLT) technique

Epitaxy of red AlGaAs LED on graphene-coated GaAs substrate
Epitaxy of blue and green InGaN LED on hBN-coated sapphire
substrate

Epi layer transfer using thermal release tape (TRT)

16


https://www.nature.com/

SOFT-EPI’s Monolithic RGB LED Technology

I GaN based monolithic RGB LED

Lateral Type 1 time RGB Growth

AN

Selective Area Growth
(SAG) at one time

RGB LEDs are grown at once.

Vertical Type

p-pad (R)

n-pad (Common)

N\

p-pad (G)

p-pad (B)

No Wafer Bonding

All RGB LEDs are made of GaN material.

. I 1 time RGB Epitaxy

AN

17



SOFT-EPI’'s Monolithic RGB LEDs; Lateral type

Lateral Type of Monolithic RGB

Lateral Type of RGB 1 time RGB layer growth

EL Mapping Video(x3)

4-inch Monolithic RGB  Epi wafer
grown Just at one time

Measured on a wafer with a EL Prober

« Multiple colors come out of a single wafer.

Each of the 9 blocks has a different sized LED array.

. . * Pattern is an example.

Selective Area Growth
(SAG) at one time

Example of RGB pixel

.................. /

Substrate

Using this technology, it is possible to make
RGB LEDs into one pixel on a single wafer.

18



SOFT-EPI’'s Monolithic RGB LEDs; Lateral type

InGaN based RGB Epitaxy

Lateral type of RGB ()

___________________

Substrate

Lateral type of RGB (lI)

1-time selective area growth

Substrate

/ Blue Epi Etch with mask Patterned Blue Epi \
| | [ | i I [ |
Sub =) Sub ol Sub
SiO2 mask
R I N R R R B HEEEENENNER N EW. Il .
Sub o Sub - Sub
\ GaN RGB pixels on a wafer Selective area growth of Red Selective area growth of Greey
/ n-GaN Si02 depo. SiO2 pattern \
Sub g Sub = Sub
An = AA A A AA An = AA A A AA l
Sub - Sub

Selective area growth of RGB (1-time)

.
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SOFT-EPI’s Monolithic RGB LEDs; Vertical type

Vertical Type of Monolithic RGB

I Conventional stacked(bonded) Monolithic RGB LED I Soft-Epi’s Vertically grown monolithic RGB LED

No Wafer Bonding in Manufacturing Process

. GaAs Removal
+ . I 1 time RGB Epitaxy
. RGB stacked(bonded) Wafer

Ultimate Technology for Micro LED

Bonded Type of RGB monolithic LED Vertically grown RGB monolithic LED

* Wafer bonding or layer transfer required > complex process . No need ‘R+G+B wafer bonding’ = simple process

* Relatively low yield ; Resin(adhesive) bonding « High yield ; no need resin(glue)

* InGaN and AlGalnP layer are used. « Only InGaN layer is used.

20



SOFT-EPI’'s Monolithic RGB LEDs; Vertical type

I Advantages of Vertical type Monolithic LEDs

= Conventional type

.......................

R/G/B LED
Epi wafers

Chip

Sorting and Pick and Place
Singulation

= Monolithic type

Compared to Conventional type

« # of chip transfer can be reduced by 1/3.
« # of chips required for the display is reduced by 1/3.

» Pixel size can be smaller. Higher resolutions are possible.

AN

1 pixel Small footprint

/
7

! 1
! 1
! 1
;

,, | EEmm

> . B
! 1
' 1
! 1

________ Back-plane

Advantages of high resolution
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SOFT-EPI’'s Monolithic RGB LEDs; Vertical type

Soft-Epi’s first monolithic RGB wafer sample

ndisoft.com

RGB Epi simply designed for quick check

EL Mapping Video

Red LED
Green LED
Tunnel

Blue LED

Substrate

Soft-EPi Vertical type monolithic RGB Epi wafer

Light emission video of monolithic RGB wafer with increasing current

Sub

= Low Vit
= Low Efficiency

= High Vt
= High Efficiency

Vt: Turn-on voltage
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big step for micro LED displays after the development of an InGaN based red LED last year
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compa

In order to realise a next-generation full- colour micro-LED display 00 PP}, it's

necessary to
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i pendently. This is regarded as an ideal RGB pixel structure for
manufacturing high-resolution micro-displays.
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Monolithic RGB LED Chip (4-pad design)

I Process Design I Chip Design
<«— 200um —>»
1. 2. T
R
3 Sapphire
< B
(o]
(€]
D
Monolithic RGB Epi-Wafer MESA Etch
Top View Section View
Cathod RED anode
athode ' BLUE anode
common 5 :' O
. , ' .| GREENanode RED anode / @ GREEN anode
m Common
Cathode
Passivation / Via Metal Electrode I N_BLUE anode
N




Monolithic RGB LED Chip (4-pad design)

I Driving Image I Driving Video

Chip process is performed by Lumens. \ One chip are mounted on a printed circuit substrate\

ol ol ENSYS

Wy ™

~

Chip size : 200(um) x 200(um)




Characteristics of monolithic RGB LED

IEIectricaI & Optical Characteristics of monolithic RGB LED

» The voltage of blue and green LED chips is higher compared to red LED.
« Tunnel junction layer and p-GaN activation for blue and green LEDs need to be optimized.

+ The FWHM of the wavelength is wider, as the wavelength increases.

Voltage Distribution(~1A/cm?) Wavelength Spectrum
@500uA
7
6 |
1
5 5
= g
=4 —
: | | 2
g3 2
2 2
' c
g
1 =
0
RED GREEN BLUE
vy prV 350 450 550 650 750
" D § 4 Wavelength (nm)
R s




Monolithic RGB LED Chip (6-pad design)

* RGB colors come from a single wafer.

R/G/B Epi-Growth on single wafer

Vertical Type of RGB \

100x100um chip, measured with a chip tester

i-layer

Substrate

Schematic diagram of vertical type RGB monolithic LED
with 6-pads
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4. Future Plans



Future Plans

I Improvement of Epi layers

= Total epi thickness
reduction for high
throughput (< 7um)

i-layer

§ Passivation

------

------

Substrate

vy " QW Efficiency improvement

> = Insulating layer optimization for

lower leakage current

A = Optimized tunnel junctions &
p-GaN activation for lower Vf

28



Future Plans

I Chip process improvement I Monolithic RGB display module

Vertical type of RGB

Optimized masking material X Realized full color panel using vertically grown RGB epi

Optimized ohmic metal structure for operating stability

Developed Via hole, CMP process

29



Thank You

E-mail: wtlim@soft-epi.com

or info@soft-epi.com

Soft-E Pi
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