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Diffusion of Technology

* Heat conduction equationﬂ. T = aN2T
It

— This diffusion equation is familiar to this audoen58].

— Economists borrow to describe “technology diffmSivom concept to
market adoption [57].

 Modern electronics began with the invention of titamsistor at
Bell Labs in 1947

— “The summit of Everest was reached by a smallypsrardent climbers.
Working from an advance base, they succeeded. Marea generation of
mountaineers had toiled to establish that baser ¥ssault on the
semiconductor problem was likewise launched framgh-altitude camp,
...Surely, supreme joy befalls the man to whom thwesathtaking vistas
from the summit unfold.[1] .

» This presentation is about that distant hori §
— And how far we have yet to travel -
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Timeline

« Common electrification with incandescent lightimgcame commonplace in
the early 20 century. The light bulb is claimed among the longssd
Inventions in its original configuration [2].

— The fluorescent lamp also became commonplacedogrl of the first half of the
20h century

e Semiconductor electronics blossomed in the sebaifdf the 20" century

— Background:
» Bardeen’s insights yielded Nobel prizes in phy&iogh in '56 and '72.

 Addistinction between metals, semiconductors asdlators describes how electrons
behave. Therefore, understanding operation ofreleicts requires small length scales
(“nanotechnology”).

« LEDs developing along “alloy road” (Periodic Talieoup II1-V) [3]:
 The LED was introduced by GE in 1962 (red GaAs®)LE

» The white LED was introduced in 1999 (blue InGakhw AG phosphor down-
conversion)

— Solar cells were initially used in satellites wdbéatteries were inadequate;
Vanguard | was launched on March 17, 1958 by NRL [4

* The energy crisis of the early 70s spurred devatn of terrestrial solar cells.
« My focus is on what will happen in this, the bagig of the 2% century.
— And on these two energy-saving electronics tecuies
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‘The “Grapefruit” Satellite

BATTERY POMWIRED

NAVAL RESEARCH LABORATORY - WASHINGTON, D.C.

20 March 1958 Special Issue

THE DIRECTOR AND PROJECT VANGUARD wish to thank the many
Laboratory personnel whose direct or indirect support contributed sa

much to the success now achieved. The NRL-built 6,44-inch satellite ISTRUMENTATION ——
launched on 17 March 1958 and designated 1958 Beta will be in orbit for FATKAGE

many years along with the empty third-stage rocket. Together, they

weigh over 50 pounds. The elliptical orbit has an apogee (farthest dis- BATTIE NS —

tance from the earth) of 2513 miles, a perigee (closest distance) of 407
miles and 2 period of 135 minutes; it is enclined 33° to the equator--not
quite enough to bring it over Washington.

Owing to its small di ions and great di the sphere will not
be visible to the unaided eye. Under suitable conditions, observers should
be able to see the third-stage rocket, especially with the aid of binoculars.

The i abattery-p 108.00: yel i
which should radiate for about three weeksand a solar-powered 108.03-
megacycle transmitter which should radiate for years if it survives en-
vironmental hazards such as meteor penetration, Predicted angles and
times of passage will be available for the benefit of "hams" and other
potential trackers.

ANTTHMA

HOLAS POVWERED
TRARLMITTER

Following are some of the congratulatory g ived by Van-

guard: :
’
1 AM PROUD OF THE WAY YOU HAVE COME THROUGH AGAINST FTRAR ]

HEAVY ODDS X THE ENTIRE NAVY IS GRATEFUL FOR THE HARD
WORK THAT HAS BROUGHT IN ANOTHER NAVY WINNER X SIGNED
ARLEIGH BURKE (Chief of Naval Operations) VAMGUARD |

RADM R BENNETT SENDSA HEARTY "WELL DONE" FOR THE HIGHLY
SUCCESSFUL VANGUARD TEST FLIGHT RESULTING IN AN ORBITING
SATELLITE (Chief of Naval Research)

SEFARATION MECHAMIM

CONGRATULATIONS ON SUCCESSFUL FIRING X GREAT CREDIT DUE
TO ALL CONCERNED, (Commanding General, U.S. Army Signal Engi~
neering Laboratory, Fort Monmouth, N.J.)

PLEASE EXTEND MY HEARTIEST CONGRATULATIONS TO YOUR
SCIENTISTS ON THEIR OUTSTANDING ACHIEVEMENT X WELL
DONE! (Admiral Baker, COMDT, PRNC)

THE BULLETIN is the official mediam for of and ical activities which are
of interest to all NRL employees. Personal items muy wot be inciuded wnless the information relates fo NRL
work. ltems for Wednesday's Bulletin should be submitted by 10:00 a.m. am Monday, and items for Friday's
Bulletin should be submitted by 10:00 a.m. on Wednesday to Code 2040, Ext. 374,

Note the solar cells (and a lack of handling g&)wen this
3.5 pound satellite and the unassuming manageeamt t
(image from the 1959 Vanguard Il launch).

This was an NRL project and began in Septembeb.195
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Sustainability
Demand vs. Resources
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Sustainability
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 The Malthusian dilemma (population [5] vs. res@s)c[6] underpins the drive for sustainability.

* Noting that we continue to grow both populationl @aesources, Nobel Laureate Richard Smalley
(of nanotechnology fame) said, “technology gotnie this.” [7]
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Primary Energy- World, US

US vs World Primary Energy -US DoE

y = 8.0143x - 15889
R2 = 0.9864
500
i /

Quad:
I
[}
=

y = 0.0094x%-21.383x + 21113
R2 = 0.89899

1970 1980 19490 2000 2010 2020 2030 2040
Year

 Interms of sustainability, predicted energy canption hints that unilateral
US actions may be inconsequential in terms of waidé combustion
products [8, 9]

* Note: one Quad is 1OBTU or 0.29*10% kWh (without conversion losses)

M
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US Primary Energy by Source

quadrillion Btu
190 History Projections
Renewables (excluding liquid biofuels)

100 \\‘

80 Liquid biofuels
Liquid fuels
60
40
20 Natural gas
0

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

« Data shows little overall change in breakdown twyrse.
 From the Annual Energy Outlook (AEO) 2010 Refere@ase [10]
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Utah Primary Energy

1,200 -
1,000

8oo

oo | f
e e o \_"_/\/ 1980 — Utah again
became a net-exporter

of energy

mmmm Total energy production
Total energy consumption

o
1960 1965 1970 1975 198c 1985 1990 1995

UEMS Web page table: Table 1.4
Sowrce: EIA, UGS
Note: 2008 data is estimated.

« Utah is a coal producing state [11].
e Note on units: 1200 Trillion BTU = 1.2 Quad

2000

2003}
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Utah Primary Energy by Source

1960-2008
700 16
— Coal Hiydeaclpitris 1986 — Start of IPP —
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; 1984 — Utah’s first
K g geoalermal power plant

o

o
1960 1965 1970 1975 1980 1985 1990 1905 2000 2005

UEMS Web page table: Table 1.8

Source: EIA, UGS

Notes: 2008 data are estimated; production from wind and solar are negligible;
IPP=Iniermouniain Power Project.

* In 2008, 48% coal, 39% natural gas, 11% crudedéd;solar

e In 2008, Utah ranked 44n summer renewable energy and'4mnually
— Most renewable energy was hydroelectric natiorfal®y

¥. W
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Utah Renewable Energy - Solar

Solar

Direct Normal Irradiance
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Electric Power

EIA AEOQO 2010 - American Electricity Generation
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* In the US buildings consume approximately 70%llo¢lactricity, and
lighting accounts of 30% of building electricityrgumption [14, 15]
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US Electric Power — Renewable Portion

billion kilowatthours
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» Given the magnitude of available solar power showslide 12, this estimate
shows a low contribution from solar or geothernmlwind’s contribution
[10].
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Electric Power

3-year rolling average percent growth Period Annual Growth
H|St0ry 1950s 9.8
14 1960s 73
1970s 47
12 1980s 29
1990s 24
10 2000-2008 0.9
2008-2035 1.0
8
Projections
6
4
2
0 I 1 1 1 1 I I I 1 I 1 1 i_l_ I I I
-% 950 1960 1970 1980 1990 2000 2010 2020 2030

« Rate of growth of US Power demand predicted tov$lat not go to zero [10]
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Materials Abundance in the Earth’s Crust

Cxygen
silicon
Aluminurm
lran
Calcium
Fotassium
hagnesium
Titanium
Hydrogen
Fhozphorus

 Percentages shows that the earth has
for electronic devices [16].

467

277
8.1
5.1
A
2h
2.1
0.5
0.1
150

85,5

an abunadfasiteon and aluminum in the crust

— However, PV does also use more scare (or expgrademments such as Indium, and
materials prices have driven electronics technolagie recent past [17, 18].

We had an initial supply of perhaps 6 trillion fas total of oil worldwide, and peak of

production is expect in the first half of this aemyt[19]

— Oil is going to become more expensive as scadetelops

1000 kilometer®
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Innovation
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Understanding Innovation

e Alternative definitions of innovatiofote: rm ignoring business market related so-

called innovation such as financial derivatives)

— Revolutionary, architectural and incremental [20]
* These definitions have very different macroecormovailues
« Often engineers defer to the first definition; ketmg uses the second; and
manufacturing/quality/purchasing use the third

o Alternative viewpoints about innovation, espegalectronics:
— The experience curve is a simple power law relahq

 |tis evidenced by the Purchasing/Quality depantirsecost-centric viewpoint
« Strategic conundrums related to the experienceecur

— The pursuit of lower costs is often termed “goahagement.” It increases a
firm’s sales, but it also makes the product a contitgatem exposing the firm to
competition protected only by “barriers to entry.qe tooling costs, IP, tariffs).

— Some may question why invest in R&D if (1) a “fégtower” may grab much of
the pie or (2) markets must be developed (akas%ing the chasm”) ?

— Stakeholder’s perception of new technology
» Gartner’s Hype Cycle describes the “noise” we nedolusiness press
— Technology life cycle

» Christensen’s better integration of the conundaimiR&D based firm faces

1000 kilometer®
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Experience Curve

$100.00
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The curves or Interest are solar PV VS. wind A,
Also, note some learning curves increase in théstc
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Cost of Lighting Through History

* Lighting follows a learning curve. The cost offltqhg has reduced by 10 times

every 50 years, since fire.
» Four generations of lighting are fire, incandesctmorescent, and Solid State

Lighting (SSL) [23].
— SSL is expected to be comparable in cost to adstgmology lighting by
2020-2025 [24].

History of Light

1:& L
1000 \
100 T~

10 \
\ \ ‘ ~

0 117|50 1800 1850 1900 1950 2000 2050
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=
p

Year
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Gartner’s Hype Cycle

Inflated Expectations

Productivity —»

Expectations

Disillusionment

A

Trigger

» Describes stakeholder (investors, employees, mipppublic) emotions
related to new technologies [25].

« The irrationally of markets are well known. Exaegpinclude the dot com

Time

boom and historical precedents such tulips in tHry d 7" century [26]
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Performance Curves

Q
% Technology 3
=
L
O
g Technology 2
Technology 1
Time

» Clayton Christensen (originally from Salt Lakeljroduced S-curves to
describe hard disk drive technology developmem. [2

22 © 1000 kilometers 2010
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Haitz’'s Law

* Analogous to Moore’s Law, Haitz’'s Law says LED lmous flux per fixture
doubles every 18 to 24 months [28]

100

LED Inprovenrent

10

P

/

lumens

0.1

/

0.01

0.001

1965

v

1970

1975

1980 1985 1990
year

1995 2000 2005

1000 kilometer®
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Christensen’s Life Cycle

Region in which old ff" \
technology over-performs ®——»

‘ » high € S
perfﬁrl‘llaﬁcc '_A_E E_‘_]E._ A e

]]Erfurnlﬂ“cc a e

Performance

L
- - *
Disruptive 4
technical
innovation Mo -

ﬁq—p Region in which new technology

ff underperforms (low Quality)

Time
This my annotated version of Clayton Christensee'scription of how technologies

such as disk drives (or illumination) change to mearket needs [29].

LEDs could be plotted on such a plot beginningweitiuipment panel indicators,
waterway buoys, stop lights, exit sighs and mowangell phones and to buildings.
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Lighting and Light Emitting Diodes (LEDS)
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Lighting Technologies

* Representative efficiencies, color temperatureslamp life for typical
lamp technologies vs. daylight [30,31].

Luminous Color :
. Life
Efficiency | Temperature hours]
[Im/W] [K]
Incandescent 18 2800 1000
Halogen 16 3000 2000
High Intensity Discharge (HID) 90 4400 2000
Fluorescent 50 4000 24000
White LED 100 4500 50000
Daylight N/A ~5000 9.E+14
1000 kilometer® 26 © 1000 kilometers 2010




Lighting as Black Body Radiator

As a first approximation, a light source such flsmme can be
described as a black body radiator at a given t

(Planck’s law). This concept is extended to otloerrses of

lighting [32].

— An index called the “color rendering index (CRI)di O to 100 where
100 implies a black body radiator with a color temgture under 5000 K.

— The color corresponding to the wavelength of maxmemissive power
(by Wein’s displacement law) is called the “colemiperature”.

. '(I'he b)est match of color temperature is the “catesl color temperature
CCT)”
However, these concepts are idealizations of hupeaception.
— lllumination by most real devices have spectralkggeand valleys.
» The incandescent bulb is an exception, being eklddady emitter.

— Human vision has what is called a relative lumsefficiency for day and
night vision with peaks at 555 nm and 507 nm retbpaly [33].

* The visible spectrum is the wavelength band fr@&@@ ® 780 nm.

1000 kilometer®
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Black Body: incandescent vs. daylight
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LED Patent Description (1 of 2)

Lens (phosphor coated)

Filled plastic molded lead frame

Reflector cup

Heat sinking slug
M
el

* _Exploded view of an LED (component) as a posstbiestruction [34]
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LED Patent Description (2 of 2)

p contact metallization (NiAQ)

Metal (Au, Ag, Ni)
Etched n layer (GaN)

Active layer (GaN or AlinGaPA

Bond wire

Contact pad (Au or solder)

p layer N NN N Y N

l‘\\‘\‘n\\\\\\\\‘\‘\‘\\\‘\‘i

—~ Package substrate (AIN)

| NN NN N BN s e s e ey

Solderable electrodes

o Allthe LED layers together are ~ 10 microns thfako substrate) [34]
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Philips LUXEON® Rebel Cross Section

Silicone Lens

& = \ Cathode

" Bond Wire
LED Chip

Bond Layer

Ceramic Substrate

Metal Interconnect Layer
Thermal Pad

{electrically isalared)

e Catalog image, cross section of LED construct&si [
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Phosphors

e Blue LED introduced in 1999 allowed down convensio white
light [56]
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Alternative to Phosphors & Demo Kit

* Cree demonstration unit for LR6
« Alternative to phosphors, additive method [5]
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2002 National Medal of Technology - LED

Russell Dupuis M. George Craford  Nick Holonyak, Jr.
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Varsity Club UIUC (Late 70’s)

* Arrow points to Jim Brodrick of US DoE Solid Stdtghting (SSL) Program
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DoE SSL Program

Dan at Arlington meeting 2003

* See: “Next Generating Lighting Initiative at th&UDoE” [37, 38, 39]
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On-going DoE Testing

» This webinar slide shows an example of mixed tefubm the on-going DoE
Commercially Available LED Product Evaluation andRrting (CALIPER)

program is showing mixed results [59], but manufeats are continuously
Improving performance

1000 kilometer® 38
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Efficacy Expectations

 DOE’s solid state lighting program has been momtpLED progress and
Investing in technology. This chart shows DOE’stelight LED efficacy (note
definition of efficacy as shown) projections [41].
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Where in LED Market Development?

e By 2002, SSL enjoyed 80 % market penetration @xio sign
lighting, 30% of traffic signals and has been mgvimo
automotive, marine and avionics lighting [42].

 The SSL market should pass $10B by 2020 [43].
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Sign Up for DoE Information!

A DoE SSL emall from yesterday
* You can sign up yourself (reply as directed)
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Finally,
Alternative Technologies Fading Away

« Lighting technologies are still improving, but LEDave great
potential for improved efficacy in the near term

— Tungsten blackening for incandescent has potesftiahlproving from
the current ~10 Im/W to 40 Im/W [44, 45].

— LUXEONP Rebel ES is world’s first 100 lumen per Watt LEB]4

— As shown in earlier slide, luminous efficiencydiite LEDs is
predicted to rise to 225 Im/W by 2019.

 LEDs have much higher lifetimes ( >50,000 houing)nt
filament lamps (~1000 hours).
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Solar Cells
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Energy Provided by Solar

» Plot shows the incident solar flux (for a spac&aralLEO vs. the surface of earth) [47]

« Sunlight varies through the year due to the oduitters in the atmosphere, (the
diffuse portion), and has a divergence angle (aartti00 sun diameters distant)

1000 kilometer® 2 © 1000 kilometers 2010



Common Types of PV Solar Systems

* Thick film (Most common type Iin market)

— Crystalline silicon, c-Si

— Polycrystalline silicon
 Thin film (Potentially for lower cost)

— Amorphous silicon, a-Si

— Cadmium Telluride, CdTe

— Copper Indium Gallium Disulfide or CIGS, Cu(In,G2¢
« Concentrator (Highest efficiency PV)

— Multi-junction cells

1000 kilometer® 25 © 1000 kilometers 2010



Solyndra CIGS PV

» Solyndra rooftop design geometry [48]
» Three solar components (direct, diffuse and reédldc

Reproduced with permission of Solyndra, Inc.
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Solyndra Rooftop Installation

Reproduced with permission of Solyndra, Inc.[49]
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SolFocus CPV

e Mirrors provide 500 equivalent suns on solar cell
e Sun tracking system is required for CPV (shown)
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Solar Cell Performance

* National Renewable Energy Laboratory, NREL [50]
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Polymer Based Electronics
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Organic Electronics

 The dream of plastic electronics
— Displays: Organic Light Emitting Diodes (OLEDS)

» First invented at Kodak [51], OLEDs are now on mharket.
— Polymer solar cells

« Example of an academic researcher: Professor Petenans at Stanford [52]

« The US Navy has a Small Business Innovation ReBgamogram (SBIR)
solicitation in which organic solar cells are ddsed|[60]:

« “Organic solar cell technologyn the research leydias improved to the point where
simple printed cells can have a power conversitiniefcy of 6 percentclose to that
of commercial amorphous silicon cells and at alledeere there is commercial
viability. The organic cells could potentially c@f percent less than cells with similar
efficiency. To reach this production cost, manufaaig processes and cell designs need
to be developed consistent both with large scaleufieeturing and with the precision,
cleanliness, and control necessary to obtain opteiaperformance. The challenges
here push the state-of-the-adt only in demanding high performance from thevact
materials, but also in light trapping, electrodside, and barrier strategies, all of which
must be consistent with low cost manufacturinglerilble substrates.”

— Two references (2007 and 2009) specifically aledaut in the solicitation for guidance,
more recent title (2009) on following slide
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Journal Described in Navy Solicitation

<+«— \Woops!
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Putting It Together
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Common Sense from the 70’s

e An expression about solar hot water during the las
energy crisis that my advisor used to say:

— Professor Curtis O. Pedersen. P.E.

« Consistent with Keith Stippich’s theme of rebuidiour past and his
presentation on computer modeling of buildings féssor Pedersen
was granted the International Building Performafssociation, 2003
IBPSA Distinguished Service Award [53]

* He was also Dr. James Brodrick’s PhD advisor (ibaMe SSL) .

* “Insulate before you Insolaté
— That means serve the basics first.
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Conclusion

Sustainability is key to the future.
— New energy technologies are required to meet ttleséenges,
— Population pressure will continue to require inatoan in the future.

LED and solar PV are typical of innovative eleoios
technologies.

— These technologies develop through a “technolibgycle” that adds a
dynamic element to your thinking about these tetdmes in design

— Nevertheless, technology trends are clearly inrfa¥ long term success
« The government and many investors are bettingotim technologies.
The development of LED technology and LED basedipcts is
one of the most wonderful technology stories oftoue.

— As Robert Noyce (Intel co-founder and co-invemtithe integrated
circuit) said [52]:
— “Go do something wonderftil
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