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High Brightness LED Market Forecast
HB LED Market Forecast 2009-2013
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Common Semiconductors

Group 1V: Silicon (S1), Germanium (Ge)
Integrated Circuits (ICs) , photodetectors (digital cameras)

Group III-V:  GaN, GaAs, InP, MCT (HgCdTe), ...

Optoelectronic devices
Light emitting diodes (LEDs): mobile phones, lighting, ...
Laser diodes: Blu-ray DV Ds, fiber-optic communications
Photodetectors, modulators, ...

Electronic Devices
Transistors (mobile phones, wireless basestation)

Group IV-VI: PbTe, PbSe, ...

Optoelectronic devices
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GaN Optoelectronic Devices

light emitting diodes (LEDs) blue/UV laser diodes

GaN only (since 1994)

VISIBLE /NFRARED\
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Without GaN. the full color older semiconductors (since 1960°s)
’ (GaAs, InP, etc.)

spectrum 1s not complete!
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Wireless Base Station Architecture
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Electronic Devices (RF Power Transistors)

SiN Passivation

GATE DRAIN

100 W

Nucleation
o a— )1

GaN, AlGaN or AIN

Substrate: Typically Sapphire or SiC

1 GHz 10 GHz 100 GHz /
[
Frequenc \\/°
Dr. Shu Yuan, Nov. 27, 2009 For ASTRI Seminar ANSTRI '//.\\






substrate
(ALO,)




Band Structure of Wurtzite GaN
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Fig. 7.12. Bandgap energy versus lattice constant of ITI-V nitride semiconductors at room
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Graded index structure to
facilitate carrier capture
in the quantum well
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Growth of GaN Epitaxial Layers

Growth of GaN by metal organic chemical vapor deposition
(MOCVD) or by molecular beam epitaxy (MBE)

(CH3) 3Ga +NH3—?G8N + CI’LI + HET

(’g “4r"\u 1Y

substrate i l | ! 1
(Al,O; or S1C)
f- reactor
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Defects and Defects Reduction in GaN

Extraordinarily high defect density in GaN i1s a big problem.

(b) SiO; strip
Threading GaN
Dislocations H
e Sapphire
Window Low-dislocation Coalescence
Area ——p (d) GaN regions region
Seed

| N\

High Dislocation Density GaN Buffer Layer

(a) First growth (b) deposition of S102
(c) Second growth, (d) Final product,
lower defect density on top of the

. . . . oxide stripes
Dislocations grow mainly vertically, so epitaxial lateral overgrowth

(ELO) 1s used widely to reduce defect density. /o
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Bad for LEDs and lasers

GaN InGaN GaN
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Nonpolar/Semipolar GaN Motivation for LDs

* Low dislocation density
* No polarization field-induced

Good for high speed
electronic devices
(HEMT)

charge separation in QWs
« Lighter hole mass

* Low threshold current
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e Standard LEDs: ~20 mA (<0.1 W)
Mostly Asia companies (China/Taiwan, Korea, Japan)

e Power LEDs: > 350 mA (>1W)
Only a few US/German companies in mass production (Cree, Phillips Lighting, Osram)

Semitransparent AuNi
Contact Layer

Layer Sapphire Substrate
(~ 100 um)

YA

~—

Va4 A S 2 I I N | '/.

€————— 350 ym

w




Physics in the LED Chip

(Electronic & Optical Processes)
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: Converting Blue Light into by Phosphor

White LED Combined InGaN blue chip with YAG phosphor

oy
=
34 1 CU YAG-conversion white LED
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White LEDs

Tunneling

T

wavelength
emission | emission

Two quantum well
active regions

Ni/Au transparent contact

PN
oS
Mg:GaN PN

InGaN multi-QDs

Sapphire (0001) substrate

Quantum dots (QDs) active region
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Conventional versus Vertical LEDs

Lateral LED on sa Pire (conventional)

ight / heat
generated in
the active region

Sapphire ( ~ 80 micron)

Not-to-scale

—| | Vertical LED on
copper or Si

~n

Copper or Si & mirror & Ohmic contact

| (~ 80 - 250 micron) -~
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Sapphire Removal
by Polishing (R&D at
ASTR to rival LLO)
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Sapphire << Copper

Sapphire < Si




Ethergwag Light Rays

Low T due to TIR
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Project

LED Chips 15t Full Project  (To start soon)
(Completed)

Solder Aluminum
Heatsink p
.Golden Dragon white LEDs manage heat removal via a copper sl

lug
beneath the chip's die. The chip is mounted on an aluminum substrate.
Source: Osram Optoeloelectronics)
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Research Areas to Focus

Source: Lumileds’ CTO’s presentation at Blue 2009, 6/2009
PHILIPS

Key Limitation for LED Mass Adoption: Co

Vertical LEDs
for these requirements.

> Substrate
removal!

Potential LED cost reductio

— Drive current  (0.35 A/mm? e 2 A/mm2): @
— LED efficiency (75 ImyW === 150 |Im/W): @ m— >18 X
— Lower chip, packaging, and system cost: >2X
— > White LED performance target: > 150 Im/W @ 1000 Im , //
\\ o
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High Efficiency Through Substrate Removal

Crlip size: Tmm x 1 mm, If = 350 mA
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Roadmap to Achieve High Power LEDs

Chip size: Tmm x 1 mm, l¢ = 350 mA

Chip 400 |570 670 767
oD mW mW |mW |[mW
Efficacy 88 Im/W 121 Im/W 150 Im/W 178 Im/W
Heat (Power 76 52 38 26
Density) W/ecm”2 W/ecm”2 W/ecm”2 W/ecm”2
Lumileds 70%
IQE |55 (62% [76% |84% |86%
(Internal 2007 ,cite(; by
Quantum MaxKuo of
Efficiency) Epistar2008
Lumileds 80%
LEE |a0o0mass |[66% |79% [85% |91%
(Light 2007,
extraction
efficiency)
V, 33V 3.1V [3V  |294V
2009 2010~ 20T 2012 2013
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Vertical LEDs for SSL: Areas to Focus

PHILIPS

High-power LED Laboratory Results

Source: Lumileds’s CTO’s presentation at Blue 2009

3A: © =893 Im

=660 Im

A

1x1 mm? TFFC - LED

CCT~4900 K
Measurement:

pulsed: 10 ms/1%

D

Forward current 350 mA 1A 1.5A

White flux 149 Im 365 Im 312 Im -

Forward voltage 2.85V 3.10V 3.26 'V ]

Luminous efficacy | 150 Im/W 118 Im/W | 105 Im/W -
CCT ~4900 K; chip size is 1x1 mm?; pulsed £ ; 2A: ®
measurement (pulse width: 10 ms, duty factor: 1 %) <= 600 -

. . § 1A:
Continued advancement especially I 450 | ¢ =379 1m
at high drive current density 2 ]

300 -
* Feasibility of single 1x1 mm? i
chip “light bulb” 150 -
~- 2A(~6.8W): 6111m i
— 40 W bulb: ~600 Im 0 F——
0.0 1.0

2.0

Forward Current (A)

3.0
1D
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Power LEDs : Substrate Removal as a Key Technology

Compan i it Substrate Key LG
PE (mA) Technology
Epistar :
Up to 350 Sapph
(Taiwan) pio appHre
Toyoda Gosei ,
Up to 150 Sapph
(Japan) pto apphire
Nichia (Japan) Up to 350 Sapphire
Osram : : Sapphire removed by
Up to 1400 Sapph Vertical LED
(Germany) o APPRIE ered laser liftoff
Cree (USA) Up to 1000 SiC Vertical LED | SiC substrate removed
Phillips :
Lumileds ' | ey
(USA/EU) Up to 1500 Sapphire Flip-chip aser lifto
Sapphi db
ASTRI Up to 2000 Sapphire Vertical LED | PPIIE IEHOVEE DY

(target)

non-laser liftoff method




Generic Vertical LED Fabrication Process

Semiconductor Epitaxial Layers

Surface Roughness & Electrode

GaN LED GaN GaN GaN
: —EED— —EED— —tED—
Sapphire Bonding layer

= Cu (Si) sub.

Cu-electroplatinglor Wafer Bonding

SiO2 Passivation U

Sapphire =
GaN GaN GaN
GaN LED a a a
Bondln.(] laver Bondinq |aver
Cu (Si) sub. Cu (Si) sub.
= - . Sapphire Removal by
. . \
p -~ ' Laser Liftoff
. Sapphire ‘\or Isolation =
( - GaN GaN GaN
) GaN LED /CMP (ASTRI) —+ED— —tEB— —+tED—
\ Bonding laver . Bonding layer
RN Cu (Si) sub. /7 e Cu(Si) sub.
g 7 -
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Non-ASTRI

16 .
B T ar Most GaN devices are made from GaN
B t epitaxial wafers on sapphire. Sapphire
% Wl (Al,0O5) 1s an insulator and not a good
. 10 monolayer

10'F = | thermal conductor.
— = | @ Ep;=30eV
® 3 I
= = '
E & 10} ' hi
- [ |
© = ,
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c 10 F F ewc | Lhermal- . scanning
- AL IR TP P TIPIPE PPN S ecomposition q
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o 104 (KT =
= 8 Ny Al;04
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8 -1 L f g x

10 ; O

surface desorption | S
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Non-ASTRI

sapphira
»=355nm
AGaN/GaN e
e HERE Wy,
TR " Cl-plasma
N/Au gate TVAYMo/Au l l
sourca/dran | yyyyyy resst )
* AGaN/GaN AGaN/GaN
adhesive g g
AN camar AIN carmer AN camer AIN camer
! 0 1
(1) bonding (2) lasar pulsas {3) substrate ramoval (4) opaning HEMT contacts

Fig. 1. IMEC's approach combines the benefits of epitaxial growth on cheap
sapphire substrates and the excellent thermal properties of ceramic AIN.

Ao
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Sapphire Removal
by Polishing (R&D at
ASTR to rival LLO)
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Sapphire Removal by Polishing: Main Facilities*

2009/01/14 10:55

Multiple-wafer Batch Process
(For High Throughput /Low Cost) Polishing pad
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Sapphire i .
PP Epi-lay g8 Wafer Mounting
__/Mountinv Wax
Wafer Holder
Polish stop inserted with higher hardness than GaN!
. o Polish Stop
Conventional Polishing
Sapphire -
Epi-layers (~ 5um) coye easily damaged PP Ep||fc1yers
I c—'Ounting e T TG i
Wafer Holder iaeillioe
lPoIishing removes the sapphire
Polish Stop
Epilayers
Mounting Wax
Wafer Holder

Y

s
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Sapphire Removal by ASTRI Polishing Method :

Sapphire

Sapphire

|
°- .‘-.

Visual Inspection as a low-cost method to determine sapphire is
totally removed for manufacturing. (Latest duration for each step is

shown in Appendix 2). \.//.
~~
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Polish Stop Scan length {um)

No clear relationship between device performance and the height of
polished GaN has been established so far.




Design of polish stop patterns to minimize stress
Simulation & Experiments
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+
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LED mesa 0.35mm x 0.35 mm 2mm x 2mm

Wafers: sapphire totally removed,
Copper is the new host substrate.

No.:

F021
F041
F060
F065
F066
F070
F073
F074
FO75
F076
F078
F084
F097
F119
F123
F124
F125
F140

F148
F157
F159
F164
F165

2N inNE
SRS

-
BREAF N

Wafers: sapphire is totally removed,
' Copper is the new host substrate. /
/A

S
SR,y

)
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ASTRI

XRD: Proof of no crystal damage due to polishing

1.641%10% 7
1.641%10° =
1.641%10° E
1.641%10% —

1.641%10% —

1.641%10%

LR L

15.6 15.9 16. 2 16.5 16.8

L L AL DL

T T T R ) T T
17.1 17.4 7.7 18 18.3

58302674 (point +19. 05/ +0.00) (range 1)
=2 —

peaks (56802674 (point +19.05/ +0.00) (range 1)) §
— =2 —

a857410° :
ass70’ ]
a85710°
965710°

985710 |

a85710°

2]
a po
,r“MN\Mﬂv\va* M

ML

S6160 57240 58320 58400 60480

T ™ T T
61560 62640 63720 B4E00 65880

[

090825(point +13,05/+0,00)(range 1)

" peaks (090825(point +19.05/ +0,00)Xrange 1)) |

Example, Wafer No. F159
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Plastic packagg sidewall

|
}

Silicone Encapsulation

GaN —»f

Ag epo
Cu ,Ag epoxy

Outer lead Inner lead
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Example of LED power versus injection current,
from LEDs made from Wafer No. F140,

packaged and tested at Century Epitech.
300
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| .
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.|

500 1000 1500 2000
Current (mA)




Electrical Characteristics

Forward Current (mA)

Forward Current vs. Forward Voltage

350 ‘ | ‘
300 —e— APT FC-LED
250 —=— Semileds V-LED
200 Cree V-LED
150 VLED (F164)
100

50

0

O 05 1 1.9 2 25 3
Forward Voltage (V)

3.5

4
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Reverse Current vs. Reverse Voltage

Ir~70nA@Vr=-5V

Current (A)

Voltage (V)

F165 Open Hui 2-pad_IR@-5V (unit: uA)

For this wafer, 54% of tested chips' _
leakage current is below 5uA at-5V. TeSt num ber - 1 1 1

0% 0% 0% 0% 0% o 0% 0% 0% 0% 0%




Relative Light Output Power vs. Time
(Each is relative to t=0)

—=— VLED Unit1
—— VLED Unit2
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—s— VLED Unit4
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Reverse Current Ig vs. Time

400

Time (hrs)
600

800

—=— VLED Unit1
—<— VLED Unit2
—x— VLED Unit3
—s— VLED Unit4
—— VLED Unit5




5 patents filed, licensed to Epistar and Century Epitech

Finished Project (2/2008 — 9/2009)

P-GaN

Mirror/Ohmic Contact

New Project (1/2010 — 6/2011

MQW: Multiple
Quantum Wells

SL: Superlattice

MQW x 10 periods + SH1 x
5+SL2 x2

Carrier
distribution

Carrier capture \:]etﬂ Svgll‘ll'ler escape from Qu antum ell
o\‘ ‘ _*_/—> b VV
AE Fig. 4.9. Carrier capture and
YeE=0 escape in a double hetero-
structure. Also shown is the
carrier distribution in the

i active layer.
AEy,

Y )

A%

www.Light ting org



1. GaN-related materials are academically and commercially
important materials.

2. For GaN LEDs, the current trend 1s towards power LEDs for
solid-state lighting etc.

3. Removal of the substrate and replacing it 1s inevitable for
power devices.

4. ASTRI has developed a core technology platform for making
power GaN LED chips. The technology has been licensed to 2
major chip makers. We are racing to commercialize it in
coming years.

Thank you !! /A
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