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Diffusion of Technology

• Heat conduction equation: 

– This diffusion equation is familiar to this audience [58].
– Economists borrow to describe “technology diffusion” from concept to 

market adoption [57].
• Modern electronics began with the invention of the transistor at

Bell Labs in 1947: 
– “The summit of Everest was reached by a small party of ardent climbers. 

Working from an advance base, they succeeded. More than a generation of 
mountaineers had toiled to establish that base. Your assault on the 
semiconductor problem was likewise launched from a high-altitude camp, 
…Surely, supreme joy befalls the man to whom those breathtaking vistas 
from the summit unfold.”[1]

• This presentation is about that distant horizon. 
– And how far we have yet to travel
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Timeline
• Common electrification with incandescent lighting became commonplace in 

the early 20th century. The light bulb is claimed among the longest used 
inventions in its original configuration [2].
– The fluorescent lamp also became commonplace by the end of the first half of the 

20th century
• Semiconductor electronics blossomed in the second half of the 20th century 

– Background:
• Bardeen’s insights yielded Nobel prizes in physics both in ’56 and ’72.
• A distinction between metals, semiconductors and insulators describes how electrons 

behave. Therefore, understanding operation of electronics requires small length scales 
(“nanotechnology”). 

• LEDs developing along “alloy road” (Periodic Table Group III-V) [3]:
• The LED was introduced by GE in 1962 (red GaAsP LED). 
• The white LED was introduced in 1999 (blue InGaN with YAG phosphor down-

conversion)
– Solar cells were initially used in satellites where batteries were inadequate; 

Vanguard I was launched on March 17, 1958 by NRL [4]. 
• The energy crisis of the early 70s spurred development of terrestrial solar cells.

• My focus is on what will happen in this, the beginning of the 21st century. 
– And on these two energy-saving electronics technologies
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The “Grapefruit” Satellite

• Note the solar cells (and a lack of handling gloves) on this 
3.5 pound satellite and the unassuming management team 
(image from the 1959 Vanguard II launch).

• This was an NRL project and began in September 1955.
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Sustainability 
Demand vs. Resources
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Sustainability

• The Malthusian dilemma (population [5] vs. resources) [6] underpins the drive for sustainability.
• Noting that we continue to grow both population and resources, Nobel Laureate Richard Smalley 

(of nanotechnology fame) said, “technology got us into this.” [7]
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Primary Energy- World, US 

• In terms of sustainability, predicted energy consumption hints that unilateral 
US actions may be inconsequential in terms of worldwide combustion 
products [8, 9]

• Note: one Quad is 1015 BTU or 0.29*1012 kWh (without conversion losses)
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US Primary Energy by Source

• Data shows little overall change in breakdown by source.
• From the Annual Energy Outlook (AEO) 2010 Reference Case [10]
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Utah Primary Energy

• Utah is a coal producing state [11].
• Note on units: 1200 Trillion BTU = 1.2 Quad
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Utah Primary Energy by Source

• In 2008, 48% coal, 39% natural gas, 11% crude oil; 0% solar
• In 2008, Utah ranked 41st in summer renewable energy and 45th annually 

– Most renewable energy was hydroelectric nationally [12]
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Utah Renewable Energy - Solar

• Solar survey claims a theoretical 826 GW capacity [13]
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Electric Power

• In the US buildings consume approximately 70% of all electricity, and 
lighting accounts of 30% of building electricity consumption [14, 15]
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US Electric Power – Renewable Portion

• Given the magnitude of available solar power shown on slide 12, this estimate 
shows a low contribution from solar or geothermal vs. wind’s contribution 
[10].
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Electric Power

• Rate of growth of US Power demand predicted to slow but not go to zero [10]
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Materials Abundance in the Earth’s Crust

• Percentages shows that the earth has an abundance of silicon and aluminum in the crust 
for electronic devices [16]. 

– However, PV does also use more scare (or expensive) elements such as Indium, and 
materials prices have driven electronics technology in the recent past [17, 18].

• We had an initial supply of perhaps 6 trillion barrels total of oil worldwide, and peak of 
production is expect in the first half of this century [19]

– Oil is going to become more expensive as scarcity develops
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Innovation
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Understanding Innovation

• Alternative definitions of innovation (Note: I’m ignoring business market related so-

called innovation such as financial derivatives):
– Revolutionary, architectural and incremental [20]

• These definitions have very different macroeconomic values
• Often engineers defer to the first definition; marketing uses the second; and 

manufacturing/quality/purchasing use the third

• Alternative viewpoints about innovation, especially electronics:
– The experience curve is a simple power law relationship

• It is evidenced by the Purchasing/Quality department’s cost-centric viewpoint
• Strategic conundrums related to the experience curve: 

– The pursuit of lower costs is often termed “good management.” It increases a 
firm’s sales, but it also makes the product a commodity item exposing the firm to 
competition protected only by “barriers to entry” (e.g., tooling costs, IP, tariffs).

– Some may question why invest in R&D if (1) a “fast follower” may grab much of 
the pie or (2)  markets must be developed (aka “crossing the chasm”) ?

– Stakeholder’s perception of new technology
• Gartner’s Hype Cycle describes the “noise” we read in business press 

– Technology life cycle
• Christensen’s better integration of the conundrum an R&D based firm faces
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Experience Curve

• The curves of interest are solar PV vs. wind [21, 22].
• Also, note some learning curves increase in this chart.
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Cost of Lighting Through History
• Lighting follows a learning curve. The cost of lighting has reduced by 10 times 

every 50 years, since fire.
• Four generations of lighting are fire, incandescent, fluorescent, and  Solid State 

Lighting (SSL) [23]. 
– SSL is expected to be comparable in cost to older technology lighting by 

2020-2025 [24].
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Gartner’s Hype Cycle

• Describes stakeholder (investors, employees, suppliers, public) emotions 
related to new technologies [25].

• The irrationally of markets are well known. Examples include the dot com 
boom and historical precedents such tulips in the early 17th century [26]
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Performance Curves

• Clayton Christensen (originally from Salt Lake) introduced S-curves to 
describe hard disk drive technology development  [27].
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Haitz’s Law
• Analogous to Moore’s Law, Haitz’s Law says LED luminous flux per fixture 

doubles every 18 to 24 months [28]
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Christensen’s Life Cycle

• This my annotated version of Clayton Christensen’s description of how technologies 
such as disk drives (or illumination) change to meet market needs [29].

• LEDs could be plotted on such a plot beginning with equipment panel indicators, 
waterway buoys, stop lights, exit signs and moving to cell phones and to buildings.



© 1000 kilometers 2010251000 kilometers®

Lighting and Light Emitting Diodes (LEDs)
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Lighting Technologies
• Representative efficiencies, color temperatures and lamp life for typical 

lamp technologies vs. daylight [30,31]. 

Luminous 
Efficiency 

[lm/W]

Color 
Temperature 

[K]

Life 
[hours]

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
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Lighting as Black Body Radiator 

• As a first approximation, a light source such as a flame can be 
described as a black body radiator at a given temperature 
(Planck’s law). This concept is extended to other sources of 
lighting [32]. 
– An index called the “color rendering index (CRI)” from 0 to 100 where 

100 implies a black body radiator with a color temperature under 5000 K.
– The color corresponding to the wavelength of maximum emissive power 

(by Wein’s displacement law) is called the “color temperature”. 
• The best match of color temperature is the “correlated color temperature 

(CCT)”

• However, these concepts are idealizations of human perception.
– Illumination by most real devices have spectral peaks and valleys.

• The incandescent bulb is an exception, being a black body emitter.
– Human vision has what is called a relative luminous efficiency for day and 

night vision with peaks at 555 nm and 507 nm respectively [33]. 
• The visible spectrum is the wavelength band from 380 to 780 nm. 
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Black Body: incandescent vs. daylight
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LED Patent Description (1 of 2)

• Exploded view of an LED (component) as a possible construction [34]

Lens (phosphor coated)

Filled plastic molded lead frame

leads

Heat sinking slug

Reflector cup

Package SubstrateDie See next slide
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LED Patent Description (2 of 2)

• All the LED layers together are ~ 10 microns thick (w/o substrate) [34]

Bond wire
Metal (Au, Ag, Ni)

Etched n layer (GaN)

p layer

Active layer (GaN or AlInGaPAs)

Contact pad (Au or solder)

Solderable electrodes

Package substrate (AlN)

p contact metallization (NiAg)
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Philips LUXEON ® Rebel Cross Section

• Catalog image, cross section of LED construction [35]



© 1000 kilometers 2010321000 kilometers®

Phosphors  

• Blue LED introduced in 1999 allowed down conversion to 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 State Lighting (SSL) Program
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DoE SSL Program

• See: “Next Generating Lighting Initiative at the US DoE” [37, 38, 39]

Dan at Arlington meeting 2003
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On-going DoE Testing

• This webinar slide shows an example of mixed results from the on-going DoE 
Commercially Available LED Product Evaluation and Reporting (CALiPER) 
program is showing mixed results [59], but manufacturers are continuously 
improving performance
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Efficacy Expectations
• DOE’s solid state lighting program has been monitoring LED progress and 

investing in technology. This chart shows DOE’s white light LED efficacy (note 
definition of efficacy as shown) projections [41].
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Where in LED Market Development?

• By 2002, SSL enjoyed 80 % market penetration into exit sign 
lighting, 30% of traffic signals and has been moving into 
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 email 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 LEDs have great 
potential for improved efficacy in the near term
– Tungsten blackening for incandescent has potential of improving from 

the current ~10 lm/W to 40 lm/W [44, 45]. 
– LUXEON® Rebel ES is world’s first 100 lumen per Watt LED [46].
– As shown in earlier slide, luminous efficiency of white LEDs is 

predicted to rise to 225 lm/W by  2019. 
• LEDs have much higher lifetimes ( >50,000 hours) than 

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 spacecraft in LEO vs. the surface of earth) [47]

• Sunlight varies through the year due to the orbit, scatters in the atmosphere, (the 
diffuse portion), and has a divergence angle (earth is ~100 sun diameters distant)
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Common Types of PV Solar Systems

• Thick film (Most common type in 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,GA)Se2

• Concentrator (Highest efficiency PV)
– Multi-junction cells
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Solyndra CIGS PV

Reproduced with permission of Solyndra, Inc.

• Solyndra rooftop design geometry [48]
• Three solar components (direct, diffuse and reflected) 
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Solyndra Rooftop Installation

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

• Mirrors provide 500 equivalent suns on solar cell
• 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 the market.

– Polymer solar cells
• Example of an academic researcher: Professor Peter Peumans at Stanford [52]
• The US Navy has a Small Business Innovation Research program (SBIR) 

solicitation in which organic solar cells are described[60]:
• “Organic solar cell technology, on the research level, has improved to the point where 

simple printed cells can have a power conversion efficiency of 6 percent, close to that 
of commercial amorphous silicon cells and at a level where there is commercial 
viability. The organic cells could potentially cost 80 percent less than cells with similar 
efficiency. To reach this production cost, manufacturing processes and cell designs need 
to be developed consistent both with large scale manufacturing and with the precision, 
cleanliness, and control necessary to obtain optimal cell performance. The challenges 
here push the state-of-the-artnot only in demanding high performance from the active 
materials, but also in light trapping, electrode design, and barrier strategies, all of which 
must be consistent with low cost manufacturing on flexible substrates.”

– Two references (2007 and 2009) specifically are called out 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

• An expression about solar hot water during the last 
energy crisis that my advisor used to say: 
– Professor Curtis O. Pedersen. P.E. 

• Consistent with Keith Stippich’s theme of rebuilding our past and his 
presentation on computer modeling of buildings, Professor Pedersen 
was granted the International Building Performance Association, 2003 
IBPSA Distinguished Service Award [53]

• He was also Dr. James Brodrick’s PhD advisor (now DoE SSL) .

• “Insulate before you Insolate.”
– That means serve the basics first. 
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Conclusion
• Sustainability is key to the future.

– New energy technologies are required to meet these challenges, 
– Population pressure will continue to require innovation in the future.

• LED and solar PV are typical of innovative electronics 
technologies. 
– These technologies develop through a “technology life cycle” that adds a 

dynamic element to your thinking about these technologies in design
– Nevertheless, technology trends are clearly in favor of long term success

• The government and many investors are betting on both technologies.

• The development of LED technology and LED based products is 
one of the most wonderful technology stories of our time.
– As Robert Noyce (Intel co-founder and co-inventor of the integrated 

circuit) said [52]:
– “Go do something wonderful!”
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