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Source: Navigant Consulting, Inc - Updated Lumiledtsart with data from product catalogues and prelesises
Note: Efficacies for HID, fluorescent, and LED soes include driver or ballast losses. 4
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SSL Performance Compared to Conventional
echnologies 12010 -

Product Type

_Lighting T

Luminous
Eftica cy

Luminous |, l
. Wattage |

Output

CCT ’ CRI ’ Lifetime

LED White

/ / 5 c -
Package (Cool) 130 Im'W 130 Im 1 W 5650 K 70 50k hours
LED White 03 Im/'W | 205 Im 22 W 3500 K 80 | 50k hours
Package (Warm)

LED A1O L
, e 64 Im/W | 800Im | 12.5W 2700 K 80 | 25k hours
{Warm White)
LED PAR3S L
, WOLAMD L S S W | 10501m | 20 W 3000 K 80 | 25k hours
Warm White
OLED Panel™ 28 Im/W 50 Im 2W 2700-6500 K hil] I &k hours I
HID (High Watt) | 120 Im/W I15W
o | 111 Imw 37800 Im 34 1TW 3000 K a0 20k hours
Linear Fluorescent 118 Im/W 3050 Im 26W
o | 108 mw| 6100m | sew 4100k | 85 | 25k hours
HID (Low Watt) 104 Im/W T0W
T300 Im 3000 K a0 12k hours
Lamp and Ballast | 97 Im/W 15W |

G R [cre 63ImW | 950Im | 15w 2700K | 82 | 12khours
Halogen 20 Im/W | 970 Im 48 W 2750 K N/A | 4k hours
Incandescent 15 Im/W Q00 Im 60w 3300 K 100 1k hours

Source: GE 2010, Cree 2010, Philips Lighting 2@08RAM Sylvania 2010 product catalogs, LED
lamp based on Lighting Facts product registrations. 5
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Cost of Light Sources

Incandescent Lamp (A 19 60W high efficiency) per kilolumen

Compact Fluorescent Lamp (13W) $2 per kilolumen
Compact Fluorescent Lamp (13W|dimmable) | per kilolumen
Fluorescent Lamp and Ballast System (F32T8) 54 per kilolumen™*
LED Lamp (A19 60W| dimmable)| per kilolumen®
OLED Panel**° $2.560| per kilolumen®’
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Summary of LED Package Price and
Performance Projections

2012 2015 2020

Cool White

Efficacy (Im/W) 134 176 224 258
Cool White
Price ($/kIm) 13 6 2 1
Warm White

Efficacy (Im/W) 96 141 202 253
Warm White
Price ($/klm) 13 7.5 2.2 I
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Note

* Projections for

— Cool white packages assume CCHA6-704K and
CRI=70-80

— Warm white packages assume CCZE80-371K and
CRI=80-90
 All efficacy projections assume that packages
— measured &5 C
— with a drive current density 86 Alcny
 Package life

— approximately 50,000 hours assuming 70% lumen
maintenance at a drive current densityyBfA/cny
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U.S. Energy Policies/Organizations

EISA (Energy Independence and Security A2007
U.S. Department of Energy Programs

U.S. EPA (Environmental Protection Agency)
Energy Star

NGO (Non-governmental organizatiolrograms
Government & NGO Rebates

11



s Energy Star for Integral Lamps 22

ENERGY STAR

Minimum efficacy: 50/55 LPW (<10W/A0W) 2008/97 B 42 2

Minimum lumens: Varies by thermally R e
stabilized “wattage equivalent”

Wattage Equivalent Lumens
Minimum CRI: 75, Ry > 0 \ 25 200
Lumen Maintenance ¢k): 25,000 hours ig 3@3
CCT: 2700 K, 3000 K, 3500 K, or 4000 K gg 18380
Duv tolerances: per ANSI C78.377-2008 100 1.600

Power Factor>0.7for lamps>5W
Intensity distribution:

180
. O~B% k7 B <800 ' sk iF 2 >200 |
0~60:4 % 11 £ <80%; >90°% i £ >20% \ B s
|
|
|

Dimming NOT required (very desired) of total fluxin

90°-180°
Must provide:
— IES LM-79-2008, sec 10 goniophotometer report /) """""""""""""""""" 0
— |ES LM-80-2008 report on LEDs used e
7 & # * “Lighting Facts” label i lessthan80% 60°
o j i of total flux
25 3 0° in 0°-60° zone

12
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A, U.S. Department of Energy Prograrf

Lighting Facts™

LED Product
p——————
Light Output (Lumens) 146
Watts 3
Lumens per Watt (Efficacy) 42
Color Accurac

Color Rendering ind:( ( 3‘4

4500K
isit www. for the Labei Guidt
1t e BOCO! N 1008 Approved M o
notmet

Retailer L*PRIZE"

f‘{ o
Energy Alliance

-

LIGHTING &g

tomérrow
CALPER

(8 GATEWAY

Demonstrations

STANDARDS

NEXT GENERATION LUMINAIRES

13



Retailer Energy Alliance (REA)
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CALIPER Program

Solid-state lighting (SSEt#p 7% £
— g BRI AL R

- FEIROPLER BB ML AR
Commercially Available LED Product Evaluation and
Reporting (CALIPER)
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L Prize-Bright Tomorrow Lighting Prizes

% — i E’ % W FCRR B e i
- F R B EE ~ BFSSLA & 0 B~ G E

L-Prize Fast Facts !i

THE E L L o )
iISO N! Philips submits first entry. Who will be next? EY: 8 X T- B 15')?& A

THE BAR The first entries reflect significant advances. r—g ™ *;-:‘
IS SET HIGH No bulb today could meet the L Prize standards.

GIW incandescont .
L PRIZE WINNERS WILL SAVE ENERGY 1 10W
L Prize 80W incandescent replacement will use 10 walts B '\ 6OWF3 J%' J%.

31 PARTNERS o . 2 ——
Ready to promote and develop markets for winning products r‘}i ‘&‘5 ;:_I:_ -’5‘

17
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Philips snags $10M L Prize with
energy-efficient light bulb

« The U.S. Department of Energy announced
— Philips has snaggeki 0 million in the L Prize

e The LED bulb

— 900 lumens
— Consuming arountlO wattsof electricity
— lifetime of around5,000 hours

« LED lighting is still much too expensive
— $18 per kilolumenproduced
— incandescent bulbs were arowiti20per kilolumen

 probably won't reach that point uniD15

GreenBeat August 3, 2011

18
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Philips snags $10M L Prize with
energy-efficient light bulb

GreenBeat August 3, 2011

19
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Philips AmbientLED 17 Watts LED Lightbulb

, g v,

17-Watt Philips LED Lightbulb

8 AmbientLED 1100
LASTE 2248 YISARE
o DIMAMABLE s > ' Isqzji{].s

http://www.treehugger.com/files/2011/08/philips-aetiled-led-light-bulb-review-17-watts-75w.php2(0
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Next Generation Luminaires

 The Next Generation Luminaires™ (NGL) Solid State
Lighting (SSL) Design Competition
— %fw:bfé' ¥ - LEDRP &2 K HF
¢ %/v p ﬁ(ZOll/Z)
— The Lighting Quotient Inc. (West Haven, Connec)icAtvarded "best-
in-class" for its Linear Concealed LED Luminaire cdigéting fixture.

— Philips Color Kinetics (Burlington, Massachusetts) :akshed "best-in-
class" for its eW Burst Powercore facade lighting figtur

— Koncept Technologies Inc. (Monterey Park, Califoyndawvarded
"best-in-class" for its EQUDED Desk Lamp task lighting fixture

— USAI (New Windsor, New York): Awarded "best-in-s for its
NanoLED recessed accent lighting fixture.

21
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Equo LED Desk Lamp task lighting fixture
(Koncept )

http://www.ngldc.org/10/winners/bestinclass EquolL &

22
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Technical Information Network
(TINSSL)
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Solid-State Lighting GATEWAY

Demonstrations

* LED7F # R A 3

— P - & 8 ARZET75% e R i #

24



QUN SHy,,
W Y )
Y,
D Z
j’
o
1907108

ALHEKRS

SSL Quality Advocates

« DOE:® Next Generation Lighting Industry Alliance
(NGLIA) & i*
- & F 72 -miFLEDE £ 4k ¢ rr ik T

e Lighting Facts® label

— quick and simple summary of product performanda d&a
measured by thenew Iindustry standard for testing
photometric performance, IES LM-79-2008

— It reports product performance results in fiveaare

* lumens, efficacy, watts, correlated color tempeet(CCT) and
color rendering index (CRI)

25



LM79:2008

Light Output/Lumens -}
Measures ight output. The higher the
number, the more light is emitted.

Reporied a3 "Total indegraded Flu (Lursees]” on
LALTY lest report

Watts -
Measures energy required lo ight
the product. The lower the wattage, the
oS3 energy used.

Reponied as “Input Power (Wams)” on LM-TS mport

Lumens per -

Watt/Efficacy
Measures efficency. The higher the
numbeér, the more efficent the product

Reporied as “Efcacy’ 0n LALTS lest repot

IESNA LM-79-2008

Gty stardirdzed sl procedure Pl
Mdddured poriommanco guaktes of LED huminanes
and edegral amps. E aliows for 2 bue comparson
of lamingres. regardiess of the iight source

T—r

lighting facts:

A Program of B US 001

% Light Output (Lumens)

Light © oo

200K 0K, 4500, S00K,

A ey e BCCCRSeg 0 IDLANA LM TR 2008 Adgvoved Meruod by P Dectos s
Promemees Testnyg of Soi Saase Lightey Tre & Degarymesct of Eoiegy D00 verties
Pt beel Geld o] sreata

Wisil woerm bghtinglects C0m 1of the Latws! Referencs Gude

Registration Number ——@ reswmon s sscosnumom

Model Number
Type

Whoaden Poamitonr LSO ML T | 30
Ty VM T ISR ANGHT L I3

http://www.lightingfacts.com/default.aspx?cp=coritiabel

Anatomy of the Label

52k e R kIR

frand X ¢—— Brand

Color Rendering

Index (CRI)
Measures color accuracy.

Coker rencdition & T ofoct of th lamg's Ight
HpecTUm 0n e Color apgeannce of objocts
Correlated Color

Temperature (CCT)
Measures light color,

ool coary Mave hghdd Kadvn Wmadritrsd (6005500 K,
‘wam” Golors harv e Color Wermpaeatuned (27003500 K}
Coiicr temperatures higher han 8500 are cuside of the
defimed region for white Ight, but mary be approprate for
OUdO0r BODCASOM

%4 v 3600-5500K
g v 2700-3500K

26
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2011 Project Portfolio
Solid-State Lighting

« DOE# # % »
SSLE i

“ECRRI S T

s PR &a ~ 2kHe kRART - HEH

« DOEX #SSl#= ¥

- B3
— % &

— R E
— ¥

- AR

— B LA

6~ T8 P
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pc-LED Package and Luminaire Loss Channels andié&ffiooes
0% 20% a0 B0% BO% 100%

Electrical Efficiency
Internal Quantum Efficiency (IQE, blue)
Extraction Efficiency

IQE stabifity ("Droop” 354/cm2 vs peak)

Phosphor Conversion Efficiency
Scattering fabsorption/color mixing

Packapge Spectral Efficiency

LED thermal stability (100C vs 25C)

3%
Phosphor thermal stability {100C vs 25C) 5%
LED driver (Power supply, controls) 7%
Fixture and optical efficiency ?‘5&
High drive IQE droop .
7 7%
{1004/cm2 vs 35A/cm2) = 3%

= MYPP '11: 2010 Status @ 35A/cm2,25C = Potential Improvement (2020 Target)  2020P &

28



OLED Panel and Luminaire Loss Channels
and Efficiencies

Electrical Efficiency

Internal Quantum Efficiency (IQE) 10%

I
I Extraction Efficiency I “ 30% |

Driver (Power supply, controls) 88% 7%

s opicactirc | 1

W MYP'11: 2010 Status Potential Improvement e i .;%E,J
P

29
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Current SSL Project Portfolio

e Group l:inorganic SSLCore Technology Research
o Group 2: Inorganic SSEroduct Development

* Group 3: Inorganic SSManufacturing R&D

e Group 4:Organic SSL Core Technology Research
e Group 5: Organic SSL Product Development

* Group 6: Organic SSL Manufacturing R&D

30
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Congressional Appropriation for SSL Portfolio,
2003-2011

FRAALEERTES

[=1}
=

S50 M
ARRA

&n
=

F=s
[=]

S3I0M

§24.5
M

T S2TM $27TM—

$ (million)

P
=

=Y
=

N

=

2003 2004 2005 2006 2007 2008 2009 2010 2011
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Cumulative SSL R&D Portfolio Funding Sources,
March 2011

SBIR
_f_$4.1 million

DOE
$35.8 million

ARRA and DOE

Core Technology
528.8 million

Manufacturing
Support -
L58.5 million

Product Development
$28.8 million

ARRA
$81.4 million

32
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DOE SSL Total Portfolio Summary,

March 2011

OLED Product
Development

$14.9 million
12% N\

LED
Manufacturing
£42 3 million
35%

LED Product

Development $12ﬂ million*
$17.7 million
15% OLED
Manufacturing
LED Core $1 E.?I;lll:lllmn
OLED Core Technology
Technology $19.8 million
$9.0 million 17%
8%

33
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Funding of SSL R&D Project Portfolio by Funder,

March 2011
OLED DOE Share ‘_ﬂpsﬂﬂnt
3277 million $12.5 million 1 . 2
[ |

e 44.8 million $35.1 million
00 2200 »40.0 260.0 $80.0 $100.0

34
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SSL R&D Portfolio:Core Technology
March 2011

Number of $ Funding
Projects | (Million)
|| Light-Emitting Diodes I
Emitter Materials Research |6 $11.4
Down-converters 3 $5.3
Novel Emitter Materials and Architectures 1 $1.1
Optical Component Materials 1 $2.0
Total LED | 11 $19.8 |
1 $1.1
Novel Materials E $5.2
Material Degradation I $0.8
Electrode Research l $2.0
Total OLED 7 59.0 |
TOTAL 18 $28.8
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March 2011

SSL R&D Portfolio:Product Development

Number of % Funding
Projects (Million)

Light-Emitting Diodes
Semiconductor Materals 1 £213
Phosphors 2 $4.7
Emitter Thermal Control ] 4
Luminaire Thermal Management Techniques 3 £5.7
Electronic Components Research 3

548

Off-Grid Lighting

Total LED

Organic Light-Emitting Diodes

Practical Implementation of Materials and Device

I $6.6 I

Architectures 2
Substrate Materials 2 $2.2
Luminaire Mechanical Design | %24
Luminaire Thermal Management 1 $0.1
Large Area OLED I $2.0
OLED Light Extraction 3 $1.6
Total OLED 10 $14.9
TOTAL 21 $32.6
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Hesearch

Project Title

| I'l'!'.'llli.':lllulrl

Sandia National Lab

Movel Defect Spectroscopy of InCiaN Materials for Improved Green
LEDs

Cree, Inc,

S5L Luminare with Movel Driver Architecture

PhosphorTech

IliE_h Extraction Luminescent Matenials for Solid State LiEhlinE

Gieorgia Tech Research
Corporation

Fundamental Studies of Higher Etticiency [11-N LEDs tor High-
Efticiency High-Power Solid-State Lighting

Yale University

Multicolor, High Efficiency, Nanotextures LEDs

Osram
Highly Efficient Small Form Factor LED Retrofit Lamp

Philips High Efficiency Dnving Electronics for General Hlumination LED
Luminaires

Soraa High Efficiency m-Plane LEDs on Low Defect Density Bulk GaMN

Substrates

Handia MNational Lah I

Semi-polar GaN Materials Technology for High 1QE Green LEDs

Cree, Inc,

Ultra-Compact High-Efficiency Luminaire for General Illumination

GE

Optimized Phosphors for Warm White LED Light Engines

Lightscape Materials

Mitride- and Oxyvnitride-Based Phosphors for S51L

Osram

Hig_h-FIu:-; Commercial Hlumination Solution with Inl-;.'IIiEI:m Controls

Lumileds

130 LW, 1000 Lm Warm White LED for Numination

Rensselaer Polytechnic
lnstitute

High Efficacy Green LEDs by Polarization Controlled Metalorganic
Vapor Phase Epitaxy

LS. ARMY Research
Laboratory

Explmting Negative Polanzation Charge at n-InGalN/p-GalN
Heterointerfaces to Achieve High Power Green LEDs without
Efticiency Droop

Eastman Kodak

High Efficiency Colloidal Quantum Dot Phosphors

UCsD

Phosphors for Near UV -Emitting LEDs for EfMficacious Generation of
White Light

W hite Optics

Low-Cost, Highly Lambertian Reflector Composite for Improved LED
Fixture Efficiency and Lifetime

Sandia MNational Lab

Movel Defect Spectroscopy of InGaM Materials for Improved Green
LEDs

37
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SSL R&D Portfolio: Current OLED Research Projects,
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March 2011

Project Title

Charge Balance in Blue Electrophosphorescent Devices

LD

High Efficacy Integrated Under-Cabinet Phosphorescent OLED
Lighting Svstems

Dupont Displavs, Inc.

Solution-Processed Small-Molecule OLED Luminaire for Intenor
Mumination

PP

Low-Cost Integrated Substrate for OLED Lighting

PN

Development of Stable Materials for High-Etficiency Blue OLEDs
through Rational Design.

University of Florida

Top-Emitting White OLEDs with Ultrahigh Light Extraction
Efticiency

University of Florida

High Efficiency Organic Light Emitting Devices for Lighting

University of Rochester

Development and Utihzation of Host Matenals for Whate

Phosphorescent OLEDs

Lawrence Berkley
Mational Laboratory

Investigation of Long-Term OLED Device Stability via Transmission
Electron Microscopy Imaging of Cross-Sectioned OLED Devices

Cambrios

solution-Processable Transparent Conductive Hole Injection Electrode
tor Organic Light-Emitting Dhode (OLED ) 551

GE

High Quantum Efficiency OLED Lighting Svstems

38
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L ED BUILDING TECHNOLOGIES PROGRAM/NETL

e Core Technology llI
— Multicolor, High Efficiency,Nanotextured LEDs:
Yale University
e Core Technology IV

— Fundamental Studies biigher Efficiency Il1I-N LEDs
for High-Efficiency High-Power Solid-State Lighting
Georgia Tech Research Corporation

— High Extraction Luminescent Materials for Solid
State Lighting: PhosphorTech Corporation

— Novel Defect Spectroscopef InGaN Materials for
Improved Green LEDs: Sandia National Laboratories

39
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e Core Technology V
— High EfficiencyColloidal Quantum Dot Phosphors Eastman Kodak

— High Efficacy Green LEDs byPolarization Controlled Metalorganic
Vapor Phase Epitaxy- Rensselaer Polytechnic Institute

— Development of High Efficiencyn-Plane LEDs on Low Defect Density
Bulk GaN Substrates Soraa, Incc -+

— Phosphors for Near UV-Emitting LEDs for Efficacious Generation of
White Light- University of California, San Diego

e Core Technology VI

— Lattice Mismatche@alnP Alloys for Color Mixing White Light LEDs-
National Renewable Energy Laboratory (NREL)

— Semi-polar GaN Materials Technology for High IQE Green LEDs-
Sandia National Laboratories

— Exploiting Negative Polarization Charge at n-InGaN/p-GaN
Heterointerfaces to Achieve High Power Green LEDs hwlt
Efficiency Droop- U.S. Army Research Laboratory

— Low-Cost, Highly Lambertiaireflector Composite for Improved LED
Fixture Efficiency and Lifetime- White Optics

40
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* Product Development V

SSL Luminaire withNovel Driver Architecture- Cree, Inc.
Highly Efficient Small Form-Factor LED Retrofit Lamp- Osram Sylvania

High Efficiency Driving Electronics for General Illlumination LED
Luminaires- Philips Lighting

* Product Development VI

Ultra-Compact High Efficiency Luminaire for General lllumination-r€e,
Inc.

Optimized Phosphorsfor Warm White LED Light Engines- GE Global
Research

Nitride and Oxynitride-Based Phosphor for Solid-State Lighting-
Lightscape Materials, Inc.

130 Lumens per Watt 1000 LumerwWarm White LED for lllumination-
Philips Lumileds Lighting, LLC

High Flux Commercial Illlumination Solution witintelligent Controls-
Osram Sylvania

41
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e U.S. Manufacturing |

Advanced Epi Tools for Gallium Nitride Light Emitting Diode
Devices- Applied Materials, Inc.

Development of Advanced Manufacturing Methods\iGarm-White
LEDs for General Lighting- GE Lighting Solutions LLC

Integrated Automated Yield Management and Defecr&Analysis
Inspection Tooling and Software for LED- KLA-Tencor
Corporation

Low-Cost lllumination-Grade LEDs- Philips Lumileds Lighting, 1

Low Cost Lithography for High Brightness LED Manufacturing-
Ultratech, Inc.

Driving Down HB-LED Costs Implementation of Process
Simulation Tools and Temperature Control Methods for High
Yield MOCVD - Veeco Process Equipment, Inc.
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SMALL BUSINESS INNOVATION RESEARCH

e Phase |

— Dielectric Printed Circuit Board- Advanced Cooling
Technologies, Inc

— Incorporated Smart and Efficient Driver for BigifSh
Photonic Lattice LEDs- Luminus Devices

— Off-Grid Solid-StateAgricultural Lighting- Orbital
Technologies Corporation (Wisconsin)
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Off-Grid Solid-StateAgricultural Lighting
Orbital Technologies Corporation
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Roadmap for Addressing LED and Luminaire Manufacmiissues
lnur_ln':l:.::::i;:“ — Mr::::::m 2010 2011 g2012 2013 | 2004 | s | 2016
[‘F;I;'a:;::dl:zrz?ﬂl:lﬂ::’RLED package Tootprint' Standards Development 7 ///7////‘7////1’-"
LED Performance reporting standard Standards Development

LED Epitaxial growth cost and consistency

DOE Manufacturing R&D

LED Packaging

DOE Manufacturing R&ED

LED Wafer Level Processing

DOE Manufacturing R&D

Reduced LED Cost related to ewrrent and thermal droop

DOE Product Development R&D

PMhosphor Manufaciuring and Application

DOE Manufacturing R&D

LED Drivers
Diriver Cost DOE Manufacturing R&D Y
Diriver ease of inlegration DOE Manufacturing R&D A
Driver performance reporting standard Standards Development

Test and Inspection

Testvalidation/inspection of components DOE Manufacturing R&D AL
Testing/Qualification of luminaires within Manutacturing Process DOE Manufacturing R&D P j
DOE Manufacturing RD I
Luminaire Performance Standards
Expedited compliance testing and certification (UL, Design Lights Consortium, Energy Star}j | Standards Development Bodies
I [nternationally reciprocated standands (UL, Design Lights Consortium, Energy Star) ! Standards Development Bodies pn—
armomnization of intermational standards Standards Development Bodies Pl
Luminaire Manufacturing
Luminaire/Module Manuficiuring DOE Manufacturing R&D 1 PR :_: : : f
_ ) _— ._ External R&D and Standards A
Color Perception/Consistency Tolerances by lighting application I Development A
Education in Luminaire Design and LED technolo DOE Commercialization Effort [N < e
Uncertainty in luminaire relisbalicy I DOE Product Development BAcD s J
Uncertainty in dover/power supply reliability I e

DOE Product Development R&D

S Future Activities

Existing Activitics
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Approximate Cost Breakdowns for LED-based Luminaines?l.o 1 1

_ k2R 5% 5%
e b R - Assembly
; river
® Mechanical/Thermal
= Optics
#5' 1{#—/ %1(‘ ® L ED Package

k5

Outdoor Area Lamp Interior Downlight Replacement Lamp

Source: Provided by the 2011 Manufacturing Workséiogh Roundtable Attendees 46
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Typical Cost Breakdown for an LED Package2ro 10

(100 mm sapphire substrafemn? die; phosphor converted; high power package)
A

Substrate
10%

FHE Packaging P ¥

40%

R .il,_.._. ."I '

- Wi
Source: Provided by the 2011 Manufacturing Workséuog Roundtable Attendees die; phosphor converted;
high power package) 47
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Projected LED Package Cost Track

1.0

0.0

A¥F 01
0.9 -
—_ Substrate
B .
? b2 &BB 0:2 Epitaxy
[
(3 0.7 — Wafer Processing |
=0
= B Phosphor
T 06 g Rl B AL0.2- | e
.E M Packaging
“E 0.5
E . 0.1
s 0
¥
Z 03
=
=" E J
z 0.2
I
: =
2015

2010 2012

2020

Source: Provided by the 2011 Manufacturing Workséiogh Roundtable Attendees 48



Metric Unit | 2010 | 2012 | 2015 | 2020
og o LED Efficacy (warm white) Im/W 96 141 202 253
e LED Price {warm white $/klm 18 7.5 2.2 ]
A LED Efficacy (cool white) Im/W 134 | 76 224 258
" |LED Price (cool white) S/klm 13 6 Z 1
OEM Lamp Price
MNote:

1. Projections for cool whylg AEEs dss = - k. and CRI=70-80_Jwhile projections for warm
white packages assumg CCT=2380-3710K and CRI=80-90,

2. All efficacy projections assume measurements at 25°C with a drive current density off 35 Asem]

Source: DOE 2011 MYPP 49
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Comparison of different LED package
designs fronPhilips Lumileds

Note: Prices are fatO00-off quantitiesfrom Future Electronics.

Luxeon ’
Product Luxeon ¢ Rebel ES Luxeon S
Die 111;(:5[ 10 70 9x2 0
(mm~)
Package
footprint 2.0x1.6 3.0x4.5 13.0x14.0
(mm:}
. 5700- o
CCT (K) 6500 5650 3000
Price (%) .99 15.50
__I.ume_ns . %5
(@35 Alcm”)
Price (3/klm) 12

50
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Schematic Representation of Possidigbrid Integration Approach
to Simplify SSL Luminaire Manufacturing and Reduaas(

Cuarrent Approach Higher Integration Approach

Top View ', [

Possible integr sted /5 "=ible inte prated S § ’53‘1?'_,7 B 11_'_
thermal chip Type LI optic B9 gp

. ) -.."i F‘m:;l.:l;:ntr:f;nrd
Side View
i | | e W |

Source: Mark McClear, Cree, Inc., “An Integratedofgach to SSL Manufacturing”, Vancouver, OR, June
2009 51



ST g

Epitaxy Roadmap

Maodeling: Apply Computational Fluid
Dynamics (CFD) models to

uniformity improvement and source
efficiency optimization

2010 | 2011

2012 | 2013 | 2014 | 2015

Process control: Implement active
control using in-situ measurements

Automation: Cassette-to-cassette

Reduce cost of ownership by factor of
2 every 5 vears

I HVFElZpLiuxw:f

Develop multi-waler equipment

Automation: cassette o cassetie

Reduce cost of ownership by factor of
2 every 5 vears

Source: Provided by the 2011 Manufacturing WorksAtipndees
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Epitaxy Metrics

Metric Unit 2010 | 2012 | 2015 | 2020

IWafer Unit’urmiEI{stand&rd deviation of nm 1.5 1.0 (0.5 (0.5

wavelength for each wafer

Waler-to-wafer Reproducibility [ maximum nm 1.1 0.9 0.6 0.5

spread of mean wavelength for all wafers in a run)

IRun-tu-run Reproducibility|(maximum variation nm 1.5 1.1 0.9 0.75

from run-to-run of the mean wavelength for all

wafers in a run)

Cost of Ownership - Factor of 2 reduction every 3

. years

Epitaxy Cost $/um-em- | 045 | 028 | 0.14 | 0.05

Source: Provided by the 2011 Manufacturing WorksAtipndees 53



Philips Lumileds
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Philips Lumileds
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Veecoy # * *t4 2 HB LED
MaxBright™ GaN MOCVD

* 1* VeecoiFlowFlange @ 3+ 7 1 p #°
A
— et Bae BrREFES
— 4 A4 $216x2° 56x4> 24x 6 12x 85 [f]
— & Y3 7 K465ife >
— ¥ Hopes ok 4 &
o o4 7 B iE2.6E
— #p 3 K465id & 7 50006 e A it
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2011-02-10 LEDinside 56
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Applied Material

;;e}g X J-%gﬁ’}’

BN s P

SRR s

2 % 2 eMOCVD F %

MOCVYD3
p-ah

O

Transfer
chamber

MOCVD2
M Y

Optional
chamber

Current Configuration

pGaN 50— 200nm
p-AlGah  ~ 20 nm

MW 150 - 300 nm

Typical LED Structure

MOCVD ~1hr
Chamberd  growth
MOCVD

Chamber 2

HVPE -;l“-f-‘ s
Chamber 1 e

e
Cycletime:
25hrs

Chamber Usage
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Source: Based on recommendations from the 2011 farnuing Workshop Attendees

Substrate Roadmap

Category Task 2012 | 2013 | 2014 | 2015
Sapphire
100 mm diameter
150 mm diameter
Silicon Carbude
100 mm diameter
L350 mm diameter
Silicon

50 mm diameter

200 mm diameter

GaN Template

100 mm diameter

150 mm diameter

F R&D Phase

Commence use m LED Production

59
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Luminaire/Module Manufacturing
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ALHEKRS
Luminaire/Module Manufacturing
Metric(s) Current Status 2015 Target(s)
Downtime 50% reduction
Manufacturing Throughput X2 increase
Assembly Cost (S) 50% reduction every 2-3
years
Color Control 7 4




Test and Inspection Equipment

* OAESRR B - B EIT - ZERURRIFR A
_ Eqﬁj}%“‘g‘i /Pjpé‘ﬁiﬁ’ 4 1___-— %’ﬁgﬂﬁm fﬁﬂﬁ% ‘I—EDEIEI'} N T%t‘%i

—ﬁﬂﬁ$&%~%%ﬁﬁﬁﬁ~ﬁiﬂﬁﬁ%~ S P R
— FE BT ERRFETAREG B LB ARG & WARR > iR
(7R & e
Metric(s) Current Status 2015 Target(s)
Throughput (single bin units per X2 increase
hour)
Cost of Ownership 2-3x reduction every 5
years

$/Units per hour
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Projected LED-based Cost Track

1R

o
-

e
>

B e
Relative Manufacturing C ost
S o = o
(W) d =N wr

<

0.0 *

(Downlight Luminaire )

Optics
Assembly
| ® Driver
® Mechanical/Thermal

®m [ED Packages

0.2
0.1
—
2010 2012 2015 2020

LED 31X "% i 6=

Source: Data provided by the 2011 ManufacturingriRibable Attendees
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Cree Downlight
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LR6
| i
4 A 38 %/ B 29%
22% #

T B

19%

£ % - MLR63| % = MCRB% - 2 = » fe = &5 > 30%

4
27% CR6
1,
4 A E AR , <070
26% ,./

LED ~
27%
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Current SSL Standards and White Papers

|[EC- International Electrotechnical Commission

-,

e |ES- llluminating Engineering Society #

CIE- International Commission on lllumination
* CE- EUROCERT® %

ANSI- American National Standards Institute
L ..,...’.‘,.'.‘:'1."'"...'.".;.‘ UL- Underwriter Laboratories Inc.

- e (CSR- Corporate social responsibilit
C€ Zhaga; - =

NEMA- National Electrical Manufacturers Association

B  NLST- National Institute of Standards and Technglog
(MTS!

Americar Nationad Standar s fnsdtate e Zh aga-

(0p) Ve QIEEE
66
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Current SSL Standards and White Papers

e |[ES LM-79-2008

— Approved Method for theElectrical and Photometric
Testing of Solid-State Lighting Devices, enables the
calculation of LEDluminaire efficacy

 Luminaire efficacy isthe most reliable wayto measure LED
product performance, measuring luminaire performaasca whole
Instead of relying on traditional methods that segalahp ratings
and fixture efficiency.
— LM-79 helps establish a foundation for accurate
comparisons of luminaire performance, not only folrds

state lighting, but foall sources

67
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LM-80

IES LM-80-2008

~ Fl A HEBLEDSE AL > FRIFPHETE T
%5 PERF o A0 A& TN e R i E B

— LM-80:= = 4 2 iR 3ALED lumen
depreciationn= jZ

—LED. g N R IR RE > X3 £ £ X

&ﬁmﬁmi@
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Cree

United States Department of Commerce
National institute of Standards and Technology

NVIAG

Certificate of Accreditation to ISO/IEC 17025:2005

NVLAFP LAB CODE: SD(dd1-0

Cree SSL. Laboratory
Durham, NC
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X-Lamp MC-E White LED —Cree
LM-80 Results

A.E?‘i';"t Average Lumen Maintenance Average Chromaticity Shift
[T,] ] at 6,000 hours (Au‘v’) at 6,000 hours
1 45°C 350 mA 98.1% 0.0009
2 45° 45°C 700 mA 99.0% 0.0015
3 55°C 55%C 350 mA 98.4% 0.0010
-} S ShYE 700 mA 95.8% 0.0027
E ‘ 85°C ‘ 85°C 350 mA 98.2% 0.0014
6 85°C 85°C 700 mA 92.8% 0.0070
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Normalized Light Output

Sample LM-80 Test Report Lumen
Maintenance Extrapolation

Lumen Maintenance Projection for White >3500 LXML -PWx1
LUXEON Rebel under these conditions
55T, 0.7A (Tjunction = 82T) Normalized to 1 at 24 hours

1.2
*Philips Lumileds recommends
extrapolations of € 6x the test
time

1.1

/
/

\/
/

/”Q

35,000 hour
25,000 hour

o
w0
1

o
oo
1

EMERGY STAR 25,000 and 35,000
limits after 6,000 hours of stress 6x test time*

Extrapolated data = -5.1% at 10,000 hours

0.7
L70 = 76,000 hours
Ta within =5T of Ts, in accordance with LM80,
GG i i T R N S T i i I TN TN T S | i A T NN N N WS W |
1,000 10,000 100,000

Hours

1,000,000
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DOE SSL Manufacturing R&D Tasks

 The complete list of SSL Manufacturing
R&D Tasksdeveloped in 2010 and refined
in 2011
— 2010 £ A7 5 AT T & B
—— & AR & HLaad pof A7 p 2010 5k
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LED Tasks

*ML.LI1.

Luminaire/Module Manufacturing
Support for the development off flexiblelmanufacturing of state of the art LED
modules, light engines, and luminaires.

M.L2.

Driver Manufacturin
|Impmved design for manufacture for flexibility, reduced parts count and cost] while
maintaining performance

*M.L3.

Test and Inspection Equipment
Support for the development of high-speed, high-resolution, non-destructive test|
equipment with standardized test procedures and appropriate metrics

M.L4.

Tools for Epitaxial Growth
Tools, processes and precursors td lower cost of ownership and improve unifnrmitil

MLLS.

Mﬁfj"g Equipment
Tailored tools for improvements in LED wafer processing

ML.L6.

LED Packagin
Impmvelback-end processes and tools o optimize quality and consistency and to
lower cost

M.L7.

Phosphor Manufacturing and Application
This task supports the development of improved manufacturing and improved

application offphosphors (including alternative down converters)jused in solid state

lighting.
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OLED Tasks

*M.OI1. | OLED Deposition Equipment:

Support for the development of manufacturing equipment enahlinglhigh speed, lnwl
|| cost, and unifnnnldepnsitiﬂn of state of the art OLED structures and layers.

M.O2. | Manufacturing Processes and Yield Improvement:
Develop manufacturing processes to impmvel quality and yield and reduce the mstlof
OLED products.

*M.O3. | OLED Materials Manufacturing:
Support for the development of advanced manufacturing Gntcgratcd
substrates and encapsulatior| materials.

M.O4. | Back-end Panel Fabrication:
Tools and processes| for the manufacturing of OLED panels from OLED sheet
material.
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Thanks for your attention.



