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Bridgelux - A Solid State Lighting Company

| LED Manufacturer in 20 Years
® Industry Leading Epi Process Technology
® World-class Power LED Chip Technology
® Innovative Lighting Packaging Technology

LED Arrays
Launched
2009
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The Incandescent Bulb i1s Dead

00 year-old technology

ast vacuum tube in common u

S Ban 100-Watt by 2012
O-Watt by 2014

)
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Two Methods of Generating White Light

1) Multi-chip RGB approach:
1 red (I =620nm) InGaAIP LED

1 green (I =540nm) InGaN LED

1 blue (I =455nm) InGaN LED
Pros: theoretically best efficiency; variable color temp.
Cons: high cost; efficiency of green component

2) Single blue InGaN die (I =450 - 460nm) + phosphor: Photo: E.F. Schubert

Rensselaer Polytechnic

Pros: relatively lowest cost, currently highest efficiency
Cons: non-trivial control of color temperature

" |Emission from "White" Leds
‘ Emission from blue
| > 4 |ED chip
3 Luminescence
= From the phosphor
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Luminous Efficacy of Different Light Sources

1mm X 1mm chips today:
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R&D demo: >120 Im/W
Production: >80 Im/W

(5500K cool white)
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Components of White LED Efficiency

e Current white LED efficiency = o il el
 Internal quantum efficiency 60% 7 design
 Light extraction 70%

* Phosphor quantum efficiency 90%
o Stokes shift 80%
« Package efficiency 80%

100% overall efficiency is ~ 330 Im/W (5500K)

Current production white LED efficiency

~80 Im/W cool white

j
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LED Material Systems

 GaN, AIN, InN have

wurtzite structure (hexagonal)

No Native Substrate

Band fap [oV]

* In,Ga, ,N/Al,Ga, N alloys

in LEDs are limited to x < 0.20

50 32 36 51 42 a5 i 5
Lattice Constant (4]
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Materials and Growth Process

Process: MOVPE (MOCVD)

Sources: TMGa, TMAI, TMIn, TEGa, SiH4, Cp2Mg, NH3
Substrate: Sapphire, SIC

Materials: GaN: n and p contact layers
In,Ga,  N: light emitting layers
Al Ga, ,N: carrier confinement layers

Some details of growth process:

* Single step growth run, 7-9 hours long
» Process temperatures vary by material from 700 C to 1100 C
« Each alloy has very unique optimum growth condition S

( many trade secrets here )

BRIDGELU“)n
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Typical InGaN blue LED structure

1 « Asymmetric electrical
250 nm ITO p-electrode confinement layers:
10 nm GaN:Mg > 3e20cm-3 p++ contact layer no n-cladding needed
200 nm GaN:Mg 5e19 cm-3 p-GaN
40nm Al ; ,,Gag, goN:Mg electron blocking layer * InGaN QW |ayer5 are
10X 3.0 nm/15.0 nm GaN/In ,,:Ga, 4sN MQW active region very thin 2.5 — 3.0nm
20X 3.0 nm/3.0 nm GaN/In , ,sGa, osN superlattice

I » control of thickness and

2mm GaN:Si 1e19 cm-3 n-contact layer In% in QWS is critical

3 mMm GaN undoped

Sapphire substrate

BRIDGELD
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Thomas Swan CRIUS 30x2” Growth Chamber
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Epi Materials Development Timeline

1993

1995

1998

2000

2000

2001

2001

2003

2005
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First candela class blue LEDs — Nichia

Bright SQW blue and green LEDs — Nichia

2-3 mW blue LEDs at most major companies  (US, Japan, Osram)
“MQW” based LEDs (US, Japan, Osram)

First large area chips ( Lumileds)

Rough surface LEDs for improved light ext  raction ( Taiwan )

Patterned substrate technology for light extraction (Japan)
“Real” MQW LEDs

Large area chips with roughened surfaces

BRIDGELU“)n
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2007 Multiple companies produce large chips at >100 Im/W

2009 Multiple companies produce large chips at >130 Im/W

How to measure efficiency:

External Quantum Efficiency = hIQE *h
*EQE

extraction

Wall plug Efficiency= h

electrical

Many changes to the epi structure effect BOTH the li  ght
extraction efficiency and the internal quantum effi ciency

Many times, we cannot determine which one improved!

Most of the improvement in efficiency up to 2007 ha s
been due to improved light extraction

j

© 2008 Bridgelux, Inc. Bridgelux Confidential BRIDGELUX.



Light Extraction

Growing GaN epi on a textured

or patterned substrate

Removing substrate and roughening

n-GaN surface by wet chemical etching
Ending GaN epi growth with a

rough p-GaN surface

Sapphire \

\

textured substrate

!
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Substrate

thin-film rough n-GaN
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n-GaN

p-GaN

Sapphire

rough p-GaN surface
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Typical blue InGaN LED chip performance
(Imm x 1mm)

68
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64

Est. IQE (%)

62

60

Estimated IQE of D090130

550 mWat 350mA
Il 4 =460nm

/

~

100 200 300 400 500
Current (mA)

600

* measure encapsulated
blue chip power in an
integrating sphere

« extraction eff. = 85% (est.)

» Calculate IQE

External Quantum Efficiency = 54% at 350mA at 460nm
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Unique Materials properties of InGaN based
LEDs

» High dislocation densities in InGaN LEDs DO NOT reduc e efficiency

*Emission wavelength blue shifts as current density Increases
> due to piezoelectric fields in the active region

 |QE is strongly dependent on wavelength ( peakis4  30-450nm )
> green ~530nm is about 50% as efficient as blue

» Peak IQE occurs at relatively low current densities , <10 A/lcm 2,
then rolls off as current density increases ( “dro op”)

3
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GaN Microstructure

H R | |
L Bl GaN epil ler Lh A_II GaN_LED de\_/i_ces have
. 7 | Iﬂ dislocation densities ~ 1e9 cm-
|

' | |

el

] Reduce dislocation densities to
' <= 1e6 cm=2... noimprovement

threading
I for blue/green LED performance*

dislocat 5;01!,‘ *

However, as the In% in the QWs
IS reduced, efficiency becomes
VERY sensitive to dislocation
density*

*Nichia, Mukai et. al., Jpn. J. Appl. Phys.38(1999) pp. 5735-5739

BRI DGELU)!
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Why Is “droop” so important —Cost !

2 W “no droop” LED produces
~250 lumens (30% cost/lumen)

Lm/W
100

1] A S >

LED produces

501| 75 lumens LED produces

: : 150 lumens
] I | (50% cost/lumen)
T v 4 >

0 1 2
Electrical power into the LED (Watts)
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What Causes Droop?

« Simple answer: We don’t know yet
« Several competing theories/explanations

1) electron overflow at high current densities due to
Inadequate electrical confinement layers ( UCSB, ot  hers)

2) Auger recombination due to high carrier density (Lumileds)
3) Poor hole transport in MQW ( Virginia Commonweal th Univ.)

4) electron overflow due to polarization fields
iIn the MQW region (Rensselaer Polytechnic)

3
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GaN Crystal Structure: The Issue of Polarity

[ | 104]]
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» Polarization charge present at all
heterointerfaces

 Currently, all commercial GaN
devices are grown in the polar
[0001] direction

“
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Non-polar/Semipolar GaN devices
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e semipolar GaN (101_37

 reduced piezoelectric fields
In active region

» clearly reduces blue shift
(direct consequence of polarity)

e “droop” is still present

From UCSB, Sharma et. al.,
Mater. Res. Soc. Symp. Proc. Vol. 892 © 2006
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In,Ga, ,N active regions: “MQW"” vs. “Real MQW”"

<3 nGaN \v \'

p-AlGaN

top QW

e

e

N

<3 nean \ \'

p-AlGaN

e

=

p-GaN (top surface)

p-GaN (top surface)

. Old “MQW"

* light generated only top QW !

* “Real MQW”

* light generated in all QW'’s

* Vf reduced significantly

Optimized process can greatly improve hole distribu tion
In active region — “real MQW?” operation

© 2008 Bridgelux, Inc.

droop improves (but not eliminated)
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Hole Concentration and Recombination In
In, Ga,; ,N MQWSs

p-GaN InGaN MQW n-GaN _ _
« Model calculation showing

band structure and hole
distribution for typical LED
structure

« Almost all light generated
in the last QW

[ this supports the Auger
interpretation of droop
(high carrier density in last

QW)
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Thick DH active region to reduce Auger recombinatio n

© 2008 Bridgelux, Inc.

« Convincing experimental data

* One way to spread out the
radiative recombination

» Wavelength is severely limited
due to strain in thick InGaN layer

« Controversy — some modeling
predicts negligible Auger losses

Bridgelux Confidential



Electron Confinement and the Al ,Ga,,N
Blocking Layer

e overflow current (no radiative recombination)

top QW
p-AlGaN
<,':I n-GaN \ \ \l p-GaN (top surface) .
| ’ As current increases,
° c ° electron overflow

becomes more significant

Electron overflow due to:

* Poor p-doping of pAlGaN layer (E _ ~ 400 meV)

* Increasing Al% in pAlGaN greatly increases E

« Small DE_ offsets between InGaN/GaN QW and barrier

» Piezoelectric fields reduce p-AlGaN barrier height
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Direct observation of electron overflow in
InGaN LED structures

p-AlGaN “overflow QW”

~

~

~

e

e

e
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/ p-GaN (top surface)

|

* Insert “overflow QW” after
pAlGaN layer

» Light generated from this QW
only at higher currents, coincident

with onset of droop

UCSB, Vampola et. al., Appl. Phys. Lett. 92 (2009)
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Summary

» Cost is the primary issue in solid state lighting t oday

» Performance at low current densities is already bet  ter than
almost all other forms of lighting, and still impro ving

« Completely eliminating the droop problem will drast ically
lower the cost per Lumen of the light source. Even modest
Improvements in droop can lower than cost 2 - 4X

« Expect improvements in chip design to slow somewhat :
perhaps to focus on incremental improvements in Vf and
light extraction

o Still much work in packaging, drivers, fixtures, ap plications, etc.
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Thank you
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