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Why Solid State Lighting?

Luminous efficacy from conventional light sources has stagnated for the last 50 years

Luminous Efficacy (Im/W)
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Incandescent ~4%
Fluorescent ~ 18%
SSL Goal ~ 50%

DOE has a stated goal of producing SSL with
50% wall-plug efficiency by 2025 ( ~ 230 Im/W )

In August 2010, Nichia reported a 249 Im/W cool white LED.

LED package mid 1990’s
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Efficiencies of energy

technologies in buildings:

Heating: 70 - 80%
Elect. motors: 85 -95%
Fluorescent: 20-25%

Incandescent: ~3-5%

~22% of electricity consumption is for general

illumination

Lighting is one of the most inefficient energy
technologies in buildings = opportunity!

Achieving 50% efficient lighting would have
tremendous global impact:

»>decrease electricity consumed by lighting by > 50%
»>decrease total electricity consumption by 10%

US DOE target: 50%
“Ultra-efficient” SSL*: = 70%

Projected Year 2025 us World
Savings
Electricity used (TW-hr) |  020/¥ear | ~2,000/year
$ spent on Electricity 42Blyear ~150B/year
Elec;t;i:;té/itge(réevl;’a)ting 75 ~250
o™ || 0

*J. Phillips et al., Laser and Photonics Review, 2007

Sandia
National
Laboratories



andia helps cataly

THE CASE FOR A NATIONAL RESEARCH PROGRAM ON
SEMICONDUCTOR LIGHTING"
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3 SECTION 1. SHORT TITLE,
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SAND 2004-2365

UNLIMITED RELEASE
PRINTED MAY 2004

Final Report on Grand Challenge LDRD Project:

A Revolution in Lighting —

Building the Science and Technology Base
for Ultra-Efficient Solid-State Lighting

Solid-State Lighting GCLDRD Final Report

Page 3 of 151

2000-2004:Sandia’s Grand Challenge LDRD

Goals of GC-LDRD:

1. Help establish the fundamental science
and technology base for SSL.

2. Develop the technology infrastructure
of Gallium Nitride (GaN) material
sciences for synergistic national security
needs.

By the end of FY04, this project had invested
~$8M in Solid-State Lighting.

Built on our investment of a few S100 M in
compound semiconductor technology over
the past two decades.
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{ In 2000 we started “A Revolution in Lighting”:
i Sandia’s Grand Challenge LDRD

Goals of the Grand Challenge LDRD (Laboratory Directed R&D) Project:

1. Help establish the fundamental science and technology base for SSL.

2. Develop the technology infrastructure of gallium nitride (GaN) material
sciences for synergistic national security needs.
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At the end of FY04, this roject had \!ei: -
invested ~$8M in solid state lighting. - ?

Builds on Sandia’s investment of a
Advanced Nanotechnology Tool | faw $100 M in compound GaN MOCVD

(ANT) semiconductor technology over System
the past two decades. @ o
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2001-DOE/Office of Energy Efficiency and
Renewable Energy develops an SSL program

http://www.netl.doe.gov/ssl
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The Energy Policy Act of 2005
is supportive of increased SSL R&D

Subtitle A - Energy Efficiency
SEC. 912. NEXT GENERATION LIGHTING INITIATIVE

“The Secretary shall carry out a Next Generation Lighting
Initiative in accordance with this section to support research,
development, demonstration, and commercial application
activities related to advanced solid-state lighting technologies
based on white light emitting diodes.”

Authorizes $50M/year for 2006 through 2013 (8 years)

Subtitle F: Science

SEC. 966. SOLID STATE LIGHTING

“The Secretary shall conduct a program of fundamental
research on advanced solid state lighting in support of the Next
Generation Lighting Initiative carried out under section 912.”
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’ec. Bodman announced the National Center for SSL
at the DOE Nanoscale Science Research Centers

In 2006
Sandia was
chosen as
the lead lab
for the
National
Center
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EFRC for Solid-State Lighting (SSL) Science
Jerry A. Simmons & Mike Coltrin
(Sandia National Labs, August 2009)

Photonic Lattice LED UV LED
(Sandia) (Sandia)

Goal: Improve the energy-efficiency
in the way we light our homes and |

offices, which currently accounts for - K
20% of the nation’s electrical energy [EEtE—— Water Cube i Beiing
(Industrial Micro Systems) S8 (2008 Oympc Games

use. Solid-State Lighting (SSL) has g
the potential to cut that energy S =

consumption in half — or even more.

Research plan: Investigate conversion of electricity to light using
radically new designs, such as luminescent nanowires, quantum
dots, and hybrid architectures; study energy conversion processes in
structures whose sizes are even smaller than the wavelength of
light; understand and eliminate defects in SSL semiconductor

materials that presently limit the energy efficiency.
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' Four major issues of InGaN-based SSL

“Efficiency Droop” “Green-Yellow Gap”
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Technology “Grand Challenges”
for ultra-efficient SSL

(3  Fillin the green-
yellow gap in LED
efficiency

Narrow-linewidth
shallow-red emitter

Eliminate blue

LED efficiency

droop at high
currents
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Ideal wavelengths
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Spontaneous Emission
Auger-like

Rate constants for 510nm LED, after UT Schwarz, “Emission
of biased green quantum wells in time and wavelength
domain,” SPIE Proc 7216, 7216U-1 (2009).
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Snapshots of Current Sandia’s SSL R&D
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i
Energy Frontier Research Center

for Solid-State Lighting Science

Wide-Bandgap Materials and
Properties: Foundational
Understanding and Beyond

Beyond 2D: Luminescent Nanowires,
Nanodots, and Hybrid Structures

Beyond Perturbations: Light and
Matter in Subwavelength
Photonic Structures

s, SSLS Sandia
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http://ssls.sandia.gov/research-thrusts/thrust3.html
http://ssls.sandia.gov/research-thrusts/thrust2.html
http://ssls.sandia.gov/research-thrusts/thrust1.html

EFRC Thrust 1: Foundational Understanding- Competing
Energy Conversion Routes in Light-Emitting InGaN
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Recombination pathways

Carrier injection and transport pathways

Injected electrons
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EFRC Thrust 2: Beyond 2D

Non-planar growth:
routes to non-polar
orientations
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CourtesyJung Han, Yale University
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Nanowires: a test bed for
materials / luminescence
studies

Dislocation free

Strain relaxation for
compositional freedom

Electron/hole confinement

Facet engineering for
control of polarization
fields

Waveguiding for lasers

Intensity (arb)

Nanodots: routes to narrow-
linewidth orange-red phosphor

2000 -

1500 -

1000

475nm

After V Bulovic, in “Basic Research Needs
for SSL” Basic Energy Sciences workshop
report (2006).

610Nnm
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FRC Thrust 3: Beyond Spontaneous Emission

Plasmonic intermediaries
between excitons and free-
space photons

Polaritons in subwavelength
photonic cavities

Lasers and stimulated
emission

Light and Matter:

ight: Mi i : i A ¥
Light: Microcavity Matter: Exciton Exciton-Polaritons
Jat &
E—
Wegy ‘ Wex = wi :%l

After A Nurmikko, “Basic Research Needs for SSL”
Basic Energy Sciences workshop report (2006).

Courtesy of Eric Shaner, Sandia National Labs

WL Barnes, et al, “Surface plasmon
subwavelength optics,” Nature 424, 824
(2003).

Photonic crystal nanostructure cavities, courtesy of
Art Fischer, Sandia National Labs
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’mproved InGaN Epitaxy Yield with Veeco

DOE/EERE Manufacturing Initiative for SSL — Randy Creighton

Couple Fluent and Chemkin

Spatially-Resolved Emissivity-Correcting . .
Mid-IR Pyrometer using Sandia Data and Models
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Electrochemical Solution Growth (ESG):
A New Technique for Bulk GaN Growth

Create lonic Precursors
Electrochemically:

2Ga 2> 2Ga*® + 6e-
N, + 6e- > 2N
Ga+ N, > Ga**+ N3 > GaN

Use salt flow to deliver precursors
to seed crystal surface

Increase growth rate through flux
of reactants (increase spin rate)

Advantage: Continuous, isothermal or steady-state growth

U.S. Patent Issued October 2008
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Higher indium incorporation on semipolar GaN

Fellows et al., JJAP 47, 7854 (2008). On C-p|ane GaN, indium is limited to ~20'25%.

- A Ga B & ' L1
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A =568 nm
EQE = 8.0%

FIG. 3. (Color onling) InGaMNi(1122) suffsces. A, B, D, and E contuin suc-
cessively more In atoms in layers L, L1, and L2 Indivm ntoms ore lorge

green spheres, Ga stoms ane gray, and N aioms are small red sphemes

LEDS Shown at 1 mA forward blas J. E. Northrup, Appl. Phys. Lett. 95, 133107 (2009).

Since there is minimal QCSE, Recent DFT calculations predict greater indium incorporation
Q on GaN (11-22) compared to GaN (10-11) due to reduced

A T
there has to be ~40% indium strain between the surface incorporated indium atoms.

concentration in the QW to reach

these wavelengths. Implies that higher indium concentrations can be

achieved above the coherency strain limit.
N\ Laboratories




Kinetics of Semi-Polar GaN Morphology Evolution
(Mike Coltrin collaboration with Yale Univ.)

* 3-D v-plots mapped for 5 growth conditions
* Model of convex, a-GaN SAG island shape.

* Observed growth rates of concave facets:
facets speed up with increased T and slow
down with increasing P, and V/Ill ratio

10000

1000

Impact:
Results give insight into planar epitaxy of c-,

a-, m-, and (1122)-plane GaN
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Lighting the Earth

Earth at Night (courtesy of NASA)

* 50% Energy Efficient Solid State Lighting could replace all
conventional lighting in the next 25 years or so.

 This would result in a 10% reduction in global electricity use.
'Mg *Much of this revolution will be enabled by SSL research. @ Sandia
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Thank-you for your attention
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