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e [ntro to Our Center
e Solid State Lighting
e Overall Vision

e Light
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/® The History of Lighting

THE CASE FOR A NATIONAL RESEARCH PROGRAM ON
SEMICONDUCTOR LIGHTING
Roland Haitz and Fred Kish, Hewlett-Packard Company, Palo Alto, CA 94304

Jeff Tsao and Jeff Nelson, Sandia National Laboratories, Albuquerque, NM 87185-0601

Bulbs and Tubes Semiconductors
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/\ Overview

« What's an LED
e Lighting Class LEDs?
 The Future of Solid State Lighting



LIGHTING Semiconductors for High Brightness LEDs
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Empty band

Ec - conduction band edge

Engineered, multilayered crystal structure to
:vAd fficientl light. Materials used
7 Y, efficiently convert current to light. Materials used,
LA layer design and crystal quality determine color and

¢ Forbidden

efficiency
Full valance ]
band Ev - valence band edge \What is an LED?
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How to Make a White LED

» Mixing colors can make white LED

- Red, Green, Blue LEDs used together
- Blue LED plus Yellow Phosphor
- UV LED plus various Phosphors

* Phosphor - a material that absorbs light at

one wavelength and emits it at

another wavelength
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White LED Efficiency Increasing Rapidly @{

Light Source Efficacy Trends

~ 200 Lm/W
180 Cree, 2010
Best Announced LED
< 1607 R&D Capability —— & "™, e
S 140 - eeeas® '_-
@ 120 sl Ll ) —— Incandescent
- Production Best \
£ 100 - — CFL
2 80 - —— Metal Halide
-9
S g0 - —— Fluorescent
E 40 - — Cool White
t Power LED
20 -
U I | ] ] I ] | ] I I

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012



Early LED Use
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Courtesy of SolarOne

* Many street lighting programs

» 100% SSL buildings are starting to
Off Grid LED Strpet Lighting appear (mostly in Asia)
Masdar City ,‘;_} ,
’“m. PN - Many hundreds of start-up
_ companies in Solid State Lighting

» Generally still not ready for prime
time
» Lack of good standards
 Very high prices
e Lots of “junk LED bulbs”




“G,\:”G The Total Lighting Market is Huge R

Total Lighting Equipment Market

Global Lighting Market Size

140.0

(in billions) 2006 2011 120.0
Lamps $20.9 $25.4 | & 10001 -
(Front-end) é w0 ]
Fixtures $81.1  $106.6 | © —
(Back-end) 2 Y] -
Total $102 $132 | & 400/ -
North America approximately 29% of 20.0 - -
the worldwide market
0.0

1996 2001 2006 2011

O North America B Western Europe O Japan O China B Other Asia/Pacific @ ROW

Source: Fredonia Group, Inc.

So there is atremendous revenue opportunity for
LEDs

10



This is where research is published,

/@ not peer reviewed literature

US007196354B1

a2 United States Patent (10) Patent No.: US 7,196,354 B1
Erchak et al. @5) Date of Patent: Mar. 27, 2007
(54) WAVELENGTH-CONVERTING 6,452,217 Bl 6/2002 Wojnarowski
LIGHT-EMITTING DEVICES 6,475,819 B2 11/2002 Franz
6,476,549 B2 11/2002 Yu
(75) Inventors: Alexei A. Erchak, Cambridge, MA 0,480,380 Bl 11/2002 Shie
(US), Michael Lim, Cambridge, MA 6,481,874 B2 11/2002 Petroski

6,501,103 B1  12/2002 Jory

(US): Elefterios Lidorikis, Newton,
6,504,180 Bl /2003 H
MA (US); Jo A. Venezia, Boston, MA 6.504.181 B2 12003 Ffm:
(LUS); Michael G. Brown, Tyngsboro, 6,518,600 Bl 2/2003 Shaddock
MA (US): Robert F. Karlicek, Jr., 6,608,332 B2 2003 Shimizu
Chelmsford, MA (US) 6,624,491 B2 9/2003  Waitl
6,627,521 B2 9/2003 Turukawa
(73) Assignee: Luminus Devices, Inc.. Woburn, MA 6,642,618 B2 11/2003 Yagi
(US) 6,690,268 B2 2/2004 Schofield
6,759,723 B2 7/2004 Silverbrook
* el ; ; ; ; 6,791,259 B1 9/2004 Stokes
. ]
(*) Notice Subject to any disclaimer, the term of this
patent is extended or adjusted under 35 (Continued)

U.S.C. 154(b) by 25 days.
OTHER PUBLICATIONS

(21) Appl. No.: 11/238,667 “NeoPac sets new standard with 500 lumen LED lighting®, LEDs
o Magazine, http:/www.ledsmagazine.com/press/9495, Date
(22) Filed: Sep. 29, 2005 announced Jul. 5, 2005, Date of website printout Jan. 23, 2006.
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CONFIDENTIAL © 2007 Luminus Devices,

12 Inc. All rights reserved.



DOE Testing —

product claims are misleadino

300 \ -
'gf -
o Misleading Product
E 200 . ng MH
- Literature / \\x
= \_ - _‘
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E 100 5, || .| —— | - |EClaimed
S | 1 Measured
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Products Tested

Figure 5. Measured Light Output of Halogen MR16 Lamps and LED Replacements Compared to
Manufacturers™ Reported Values

13
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A Top Down Vision

ComforM Health

Therapeutic
Lighting

The Right Light
where you want it

Lighting Systems
interfaced to external
grid & building systems

-—
Energy Efficient
Lighting Systems i '

Adaptive Lighting and Data S
Lighting Systems at the same time
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. molded
| epoxy lens

! ancde lead -
\:athade f

index flat

+—— cathode lead

€ 2004 Encyclopsadia Britannica, Inc.

Negative Side (Cathode)
Flat Edge

Short Wire '
/'/

A

\
Paostive Side (Anode)
Long Wire




Smart Lighting ERC View of

/@ LED Supply Chain

-

Materials
and Devices

Materials
and

Sources and

Subsystems Sensors
Materials
and
Subsystem
Integration
Full System

‘ Integration




REAL WORLD
SYSTEM REQUIREMENTS

SMART
LIGHTING
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Al.1: ROOMS, BUILDINGS
AND ARCHITECTURE
Productivity 0
Efficiency
Special Needs: Eldercare

Al1.2: INFRASTRUCTURE
AND INFORMATION
Transportation
Communications
Smart Grid Interface

Enabling Technologies

&

3 Level Diagram

Systems Integration and Translational Applications

Al1.3: HEALTH AND
BIOSENSING
Biohazard Tracking
Bioanalysis Lab
Circadian Rhythm

T2.1: SMART T2.2: COMMS T2.3: BIOSENSOR
SPACE TESTBED TESTBED TESTBED
N\ @ l/\ A}
T1: SYSTEMS TECHNOLOGIES:
CONTROL AND COMMUNICATIONS
N\ AN

£V

AV

A\
AV

Fundamental Science: Materials and Device Research

SOURCES

{ S1: PHOTONIC

$2: PHOTONIC
SENSORS

Sd314d4Vv4 JINOIHINO

SNOILNTOS ADOT0ONHJ31
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Substrate/ Epitaxial Wafer Sar.:kag ng gource ystems and
Wafering Deposition Fabrication Fabncarmn ptics rvers, Fixtures
Submount Control

Grow Base/Buffer Litho! | Laser i Wire Thermal Mgm‘! End mkt.
Ingot Layer Aligner I Lift Off | | Bonding Heat Sink specific
Slice Active Etch Reflective Die Driver
Wafer Layer Coating Mounting Install
Polish . Scribing/ )
Wafer Metrology Metallization Dicing 9 Optics Encapsulate lllumination
Score/ ivati Probin :- ---------- : Sign/
=== Passivation g | Phosphor | 'g
L _____1 Display
Lappi Sorting/ .
apping Inspect Soldering Auto
Binning/
Packing Mobile
Assessment of Value
[ ] High tech challenge, US Leadership Signage
I:l High tech challenge, No US Leadership
Other
|:| Lower tech challenge, Min. US Participation

From Applied Materials



‘® Novel Uses of SSL

 LEDs and Lighting

o Key System Level Aspects
— Chips and Packaging
— Electronics and Optics

— Bulbs and Sockets

 Other LED Applications
e Smart Lighting

19
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| « DC device in an AC Powered World
e Cool light source with thermal
] management challenges

e Great LED Efficacy — High Lm/W
....But low Lumens per part
il ¢ Cost still way too high ($100 per 1000
Lm)
Can Semiconductor “Thinking” do the
job?
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/® LEDs — the Chips will be Free (almost)

6” Wafer =9 x 2”
Wafers

» Low cost, large diameter substrates

 New LED Growth Platforms
(faster, lower cost)

i \‘_. =

) Aixtron*z or 6x6 Pro:détiz)n ToI
» Automated Production

» Are radically different approaches to
LED chip manufacturing required?
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Packaging:
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Standard Types
(< 1/8 W) — low cost, low light

Medium Power Types
(<1/2 W)

High Power Types
(1to 100 W)

* No Standard Package — though some more popular than
others

e Lighting Trends: (1) Lots of small LEDs spread out (diffuse)
(2) Biggest Chip in Smallest Package (spot)
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F =N
- Packaged /H\ISIDE \

AC LED at 200 Lm/W
eial Prhermal Glass Heat Sink
P Remote Phosphor
» Non-Yellow Phosphor

Internal Smart
Grid Interface

Etc.

Cree LRP-38™ @ 55 Lm/W

(Efficiency of system parts are approximate)

Will we still need a socke
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Efficiency versus Wavelength

o
W
L

Nitride
Based
LEDs

e e o
[ ] w
[= un [=]

Wall Plug Efficiency
(=
t

{Optical output/Electrical Input)

o
[
o

Lighting

200 250 300 350 400 450 500 550 600

Wavelength (nm)

What About Other Energy Efficiency Applications
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UV Curing \ (\

Cuts drying energy consumption by ~70%
* No solvent emission — “dries” by polymerization

SeLEcCT Your INDUSTRY

A J

Food Packaging Medical UY Inkjet Uy Powder Wood Finishing & Printing &
Allilance Devices Building Products Packaging

Only ~20% of manufacturing processes that
could be UV cured are using UV curing today

SolidUV Proprietary Information
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- Hg Arc Lamp
ooy (300 W/in)

overall length 65% Of energy |n IR

UV LED Array
(150 W/in)
No IR

Water or solvent based coating UV Arc Lamps Projected High Power UVLED
ing 1.2MBTUH fired st
using gas fire 2 300W/in, 60” wide bulb System

forced air oven
Hg Lamps — about $700M/yearin

Repfad8hiient Lamps' o >N 540,000 Ibs/yr

Green House Gas Emissions Reductions for a single product
(3 production lines @ 24x5)



e Today’s Lighting @{

* Do we really need sockets?
(when LEDs outlast buildings)

e Semiconductor paradigm the right
model?
(Can we get the costs we need?)

e Lighting Design — What we want or
a cover up for poor light sources
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o Look Up

Right Above the Smart Lighting ERC Door

Lamp Facts

’ ‘r'j”‘\/
\P ./
(1 {
’\ig(‘

& =

N Exxu s Chip Supplier Nichia
LIGHTING Packager Citizen
LED Count 108
Watts 7.8
R 3 Lumens 550
EN;I:"E | | CCT 3000K
B Cost S90

Compared to a 75W PAR 30 Incandescent Lamp:
 Electrical savings offsets higher cost in one to two years, depending on
usage (on-time) — for 24 hr. operation at $0.12/kWhr, payback is < 1 year

e Lifetime of over 50,000 hours, or about 20x better than an incandescent

bulb The Smart Lighting ERC would like to thank Nexxus for providing the lamp
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Summer Undergrad Students
/® g

e [rene Benny- RPI

 Rachel Romines — Rose-Hulman
e Dennis Deensie — Morgan State
 Daniele Manikeu — Morgan State
e Adrianna Anderson — St. Rose

e Tiffany Knapp — St. Rose

K. A. Connor
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K. A. Connor
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 lllumination — Lighting in our homes and work,
for our cars, etc.

* Imaging — Microscopes, telescopes,
ohotography, etc

* Displays — Television and Computer Monitors
(CRT, Plasma, LCD, etc.)

e Signaling — Traffic lights (cars, trucks, trains,
boats, etc.), laser pointer, etc.

 Information — Optical fibers, read-write for
storage (CD, DVD, Blu-Ray, etc), barcode, etc.

e Cutting, etching, etc.

K. A. Connor
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gamma infrared

traviolet
Xerays | rays ‘
rays 1ays
o1 1wl e~10°  10°

shortw
radar m vV
* 10* 1

e Spectrum (Color)

Wavelength (nanometers)

 Polarization o ®

 Time Variation (Blinking)
Qa9

e Direction

K. A. Connor
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Making Light Smart @‘

 Light Source q P | 1Y
Lo a0
 Power for Light Source

— Battery
(DC Voltage)

e Control

— Computer
(Processor)

K. A. Connor



%\G Smart Lighting 1§

Andruw
‘ ) hJones
e v B

CyEErey |

Electrical Powe

Sensors, Electronics Computer Control

Smart Lighting System

K. A. Connor



SMART
LIGHTING

Similar to Robotics

Mechanical

Electrical Computer

K. A. Connor
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e Making Light Through Electronics

 LED (Light emitting diode)

e Resistor
: We have made a solid state light
e Wires |
Such a light could be used to send
e Battery flashing signals
S e This is what the stop and go lights (red,
B v yellow, green) are made from these days

+
e i

9V —=

battery LED

— ey eoler http://www.robotroom.com

K. A. Connor
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At Home Without the Protoboard

Note the t(;onnhecttto
longerleg | . e shorter &
: ; {E’ ﬂ leg ---.)‘
J
Twist the
’ wires
P together

Then Connect
the Battery Using
the Black and
Red Wires
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o1 VR1 Imporant Note:
TNSB17 MCP1702 Looking at back
(Schottky) Voltage Regulator (rounded) side
%’ .
-------- . A c1 | cz2
kY " 0.1 uF 10 uF
Tno-ﬂ T (106)
® .
ia N N
-] &
o
3
] 2"
to optional -
pushbution HI INT: :'
-
Jocis &
Ic1 e
: Almel n cnp N
S (BnBkRd) ATTiny45
e A s

4=
%C
M

F

K. A. Connor
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Flashing Lights Sending Information

« Remote Control — See it on a camera
 Music Traveling on Light

 Hearing a Remote

e Sound Activated Switch

e Polarization & Displays

K. A. Connor



S Displays

Mirasol
MEMS

TI LED DLP MEMS
K. A. Connor http://www.dlp.com/tech/what.aspx
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Crystal Liquid Crystal

K. A. Connor
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K. A. Connor
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White -~
Unpolarized
Light

Rear Glassk—

Colored
Light

" —Front Glass

Polarizing Filml

Liquid Crystals

K. A. Connor

—lPolarizing Film

Color Filter

© Lon Koenig



SMART

LIGHTING The Future?
Iridium — An Entertaining Failure or
Now on the Road to Success?
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K. A. Connor
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Iridium NS

e 1987: Two Motorola engineers envision a
constellation of low orbiting satellites.

e 1990: The Iridium System Is announced.
e 1995: FCC License granted

e 1998: Constellation of 66 satellites
successfully launched.

e 1999: Chapter 11
e 2002: Licenses, etc. assigned to New Iridium
Note: Financing was several billion dollars

/@

K. A. Connor
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Communicafion
ion

Main Mission Anfenna

|
I| Crosslink Anfennas
Gateway Antennas

e The Iridium satellites are relatively small
telecommunications satellites in a low Earth orbit.

« Each satellite has three main mission antennas
(MMASs), which are flat, highly reflective surfaces, that
can reflect the Sun's rays to an observer on the
ground when the geometry Is correct.

K. A. Connor
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* The satellite's attitude is controlled so that the
long axis remains vertical, with one MMA
always pointing forwards. Given this
knowledge of the attitude, together with the
orbital position of the satellite and the Sun
and observer's location, it is possible to
calculate the angle between the direction to
the observer from the satellite and the line of
a perfect reflection of the Sun. This Is the so-
called "mirror angle" and determines the
magnitude of the flare.

Iridium Flares — Fun With Satellites

K. A. Connor
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o Iridium Flares

e Heavens Above Is an extensive website

with information on tracking objects Iin
space, notably including Iridium Satellites.

K. A. Connor


http://www.heavens-above.com/

LGHG
Iridium Flares
,«p(‘

* In the main Heavens Above webpage,
select your location either exactly by
longitude and latitude or from their
extensive database.

 Choose United States, then Sycaway
(where | live) Latitude: 42.742,
Longitude:73.653, Elevation: 121 m

e Select Iridium Flares for the Next 7
Days.

K. A. Connor
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Binoculars.com

Iridium Flares | Home | Prav. | Next | Help |

Clicking an the time of the flare will load another page with more details,
including a map showing the track of the flare along the ground, and the
location of the nearest point of maximum intensity.

Search Period Start: 21:24, Sunday, 10 KMovember, 2002
Search Period End:  22:24, Sunday, 17 November, 2002
Ohserver's Location: Sycaway [ 42.7420%M, 73.65307W)

K. A. Connor

Local Time: Eastern Standard Time (GMT - 5:00)
pate | Local [[Intensity |y | gy | Distanceto ] ol | sarelie
(Mag.)

13 Mow || 05:31:13 -2 26° || 1622 (SSE) || 27.0 km W) -7 Iridium 11
14 Mow || 05:25:17 -2 259 | 162° (SSE) || 21.5km (E) -7 Iridiumn 3

15 Mow || 06:42:50 -1 299 | 762 (EME) | 39.7 km (E) -7 Iridiurm 28
1o Mov || 06:36:44 < -7 > 28° | 747 (ENE) 1.2 k{4 -7 Iridium 30
17 Mow || 05:16:14 -1 26" 170% (S ) || 25.0 km (W) =7 Iridium 26
17 Mow || 06:30:35 -1 28° | F3° (EME) || 45.9 km (W) -G Iridium 57
17 Mow || 17134152 -1 G0o= 342 (ME ) || 30,1 km (W) -a Iridium 46
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Iridium Flares

Buy Binoculars Online
Binoculars.com

Iridium Flare Details | Home | Help |

Morth Date: Saturday, 16 Movember, 2002
Your Location: Sycaway (42.742°M, 73.653°W)
Time Zone: Eastern Standard Time (GMT - 5:00)
Satellite: Iridium 30
antenna (MMA): Front
.- Flare centre is at: 42.740°M, 73.6632W
LR You Distance to centre: 1.2 km (0.8 miles)

Cerfre
\At your location||at flare centre|
| Time:|  06:36:44 || 06:36:44 |
| Magnitude: || -7 Il -7 |
Map showing path of flare | ﬂltitude:” 287 | 287 |
centre over Earth's surface | ﬂzlmuth:” 742 (EME] || 742 (EME) |
| Mirror angle|| 0.0" I 0,00 |

K. A. Connor
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/.\ Iridium Flares

magnitude

This 1= a measure of the brightness of a celestial object, The lower the value, the brighter the
object, so magnitude -4 is brighter than magnitude 0, which is in turn brighter than
magnitude +4. The scale s logarithrmic, and a difference of 5 magnitudes means a brightness
difference of exactly 100 times. & difference of one magnitude corresponds to a brightness
difference of around 2.51 (the fifth root of 1007,

The system was started by the ancient Greeks, whio divided the stars into one of six
magnitude groups with stars of the first magnitude being the first ones to be visible after
sunset, In modern times, the scale has been extended in both directions and more strictly
defined.

Examples of magnitude values for well-known objects are;

={0]y -26.7 (about 400 000 tirmes brighter than full Moon!)
Full Moo -12.7

Brightest Iridium flares -3

venus (at brightest) -4.4

International Space Station -2

Sirius (brightest star) -1.44

Lirnit of human eye +6 fto +7

Limit of 10«50 binoculars +9

Pluto +14

Lirit of Hubble Space Telescope +30




e Iridium Flares ST

 What will you see?

e Look at

http://homepage.mac.com/kevision/video/iIMovieTheater25
.html and

http://www.youtube.com/watch?v=1PFUP5L PyuA

K. A. Connor


http://homepage.mac.com/kevision/video/iMovieTheater25.html
http://homepage.mac.com/kevision/video/iMovieTheater25.html
http://www.youtube.com/watch?v=1PFUP5LPyuA
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Remote Controls

 Infrared Light
e Cannot be seen by humans
e Can be seen by digital camera

&b‘
o
o °Q

%
v

oS

0004D

T

»

o
(o000 @
000

: ,_l\Q

&

A

5 01 0n
o

#iC

4
3

Dl mamen |
-

DTV Remote Functions

CBL Turns cable box ON/OFF

) VCR Power VCR/DVD ONJOFF

3 TV Power ON/OFF

+ GUIDE Displays Picture in-Picture Program Guide
% SETTINGS Displays Setlings menu

& MUTE Tums sound ON/OFF

7 WOL volume control

A, B, C Used for on-screen options, On-screen display
indicates which button to use for vatious functions,

) LAST Return 10 last channed viewed

REWIND VCR/OVD/DVR/On Demand
PAUSE VCR/DVD/DVR/On Demand

12 STOPVCR/OND/OVR/On Demand
1 BYPASS (Future use)

INFO Gisplays program informatian

PAGE Displays next of previous page in Program Guide
and Info screens

SELECT Selects highlighted on-screen optians

and channels

17 EXIT Exits interactive screens
15 ARROWS Scroll through interactive screen aptions

CH Channel up/down
NUMBER PAD Enter channel or PIN #

1 FAW Selects favorite channels

FAST-FORWARD VCR/DVD/ DVR/On Demand
PLAY VCR/DVD/DVR/On Demand

4 RECORD with VCR/DVR

VCR/VOD To operate your VER/DVD, switch must be set
1o VCR. Set to down position for On Demand programming.

& TV/VCR Switch control between TV and VCR/DVD

SYSTEM POWER Turns cable box, TV, VCR/DVD
and audic ON/OFF

& AUD POWER ON/OFF
% HELP Provides more info

DAY +/- Skip forward or backward a whole day in the
Program Guide

31 () Future use
> MENU Displays Program Guide

ENTER Immediately tune to the channel number
you've just entered

 Remote control sends light flashes to TV
or any other device it is to control

K. A. Connor
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K. A. Connor

Transmitter —D

Music Traveling on Light Flashes

We can hear the light
flashes from the remote

Receiver
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what butterflies see

Image made with light visible to humans

Image made with only UV light

Tt
what humans see

K. A. Connor
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The Clapper ]

K. A. Connor



e The Clapper NST

Sound — > | Microphone | — | Amplifier

|

Countsto 2 | «—— | Conditioner

l

Amplifier — " | Relay

This is a good example of a system
that makes a decision based on
some kind of input

K. A. Connor
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Questions?
ﬁpf‘

K. A. Connor
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