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Bringing nanotechnology into LEDs

Jaime Gomez Rivas
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Lighting

Electricity for lighting accounts for approximately 15% of global power consumption



The LED/solid state lighting revolution
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Impact of solid state lighting

@ LEDs are 20 times more efficient than incandescent lamps.

@ LEDs enable electrical artificial lighting off the grid (devolping countries)

times longer than fluorescent lights.
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@ LEDs have a usable life time 100 times longer than incadescent lamps and 10

300 Im/W

70 Im/W

n: @ JohanJarnestad/T he Royal Swedish Academy of Sciences
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OIL LAMP LIGHT BULB FLUORESCENT LAMP LED
(approx. 15000 B.C.) (19th century] (20th century) [21st century)

“Press release of The Royal Swedish Academy of Science (7 October 2014)




The Nobel Prize of Physics 2014

Isamu Akasaki Shuji Nakamura Hiroshi Amano

1960-Nagoya Univ. ( Nagoya Univ.)

The Nobel Prize in Physics 2014 was awarded jointly to Isamu
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N | efficient blue light-emitting diodes which has enabled bright and

Akasaki, Hiroshi Amano and Shuji Nakamura “for the invention of

energy-saving white light sources".



White light solid state lighting

Phosphor-converted white LEDs

7
p-type _H_ n-type
Blue light emitted 0O 0 O e o o
‘ - by LED element o° ODO - ._.o.o.o.
hole electron
‘\\ //' ~ — Yellow light emitted . —
by phosphor light ® esccsnse conduation band
\ - - ; gom==========ferni level
\ \ : PaCkage ............ -1 ‘é% band gap
\ \ 5000000 £ {forbidden band)
"\.\ \ — Electrode — 3} valence band

\ LED element
Phosphor

Two conditions:

@ Semiconductor with the right
energy band gap

@ Efficient radiative recombination.
p-n junction, crystal quality,
heterostructures and quantum
wells




History

@ 1973 — Akasaki “I decided to make the realization of blue light emitting devices by GaN p-n
junctions, an idea abandoned by many, my life’s work”

Amano PhD student of Akasaki from 1985 to 1989

conventional with LT- buffer
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(b)
Many cracks, pits - Crack-free, pit-free
Rough surface = Specular surface
Dislocations > 10" cm2 ===} Dislocations 108~102cm2
Electron mobility ~ 20-30 cm?/Vs === Electron mobility ~ 700 cm2/Vs
Weak luminescence = |ntense luminescence

(Sharp edge emission)

(Two challenges: R

- Quality of the material
. - p-doping y




History

Nakamura clarified the annealing process (hydrogen passivation of acceptors).
Thermal treatment of the GaN in a N, atmosphere for the activation of p-
dopands (Jap. J. Appl. Phys 1992)
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S. Nakamura, T. Mukai, M. Senoh and N. lwasa, Jpn. J. Appl. Phys. 31, L139 (1992).




Full control on the emission characteristics of optical sources for solid state
lighting applications (LEDs): Improve efficiency, reduce material and increase

funtionality, e.g., beaming. Dipole :
Phosphor (YAG): ~ InGaN chip: blue . nghly localized
yellow emission emission // source Of

electromagnetic
radiation — Highly
non-directional
source
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White LED




Antenna: definition

An antenna is a device which converts the energy of free propagating
radiation to localized energy, and vice versa
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Plenty of Room at the Bottom (Feynman, 1959)

Consider, for example, a piece of material in which
we make little coils and condensers (or their solid state
analogs) 1,000 or 10,000 angstroms in a circuit, one right
next to the other, over a large area, with little antennas
sticking out at the other end—a whole series of circuits.
Is it possible, for example, to emit light from a whole set
of antennas, like we emit radio waves from an organized
set of antennas to beam the radio programs to Europe?
The same thing would be to beam the light out in a
definite direction with very high intensity. (Perhaps such
a beam is not very useful technically or economically.)



Collective plasmonic resonances

Localized surface plasmon polaritons Rayleigh anomalies
LSPR ]RA |
@ Plasmonic mode @ Photonic mode
@ High local fields @ Weakly confined

@ Metal losses
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Extinction and PL enhancement

Aluminum nanoparticle array + dye-doped polymer (~¥85% IQE)
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PL directional enhancement
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Lozano et al., Light: Science & Applications (2013) 2, e66



Miimihar of niiklicatinne

Two final thoughts

Kiyoshi ‘lakahashi Lifetime of Research on Nitrides
Akihiko Yoshikaws » .
SO Alone in the Wilderness

Felitors

Wide e
Bandgap
Semlconductors Blue light emitting devices fabricated nsing mtride semiconductors are ubie

liundanentl uitons. They are used in mobile phones, traffie signals and outdoor screens in
spcrer stadinme. The situation 30 vears ago was a lol different when many
pronps withdrew from this subject of rescarch due to unfavorable results. In
spite of the lack of progress in this field at the time, I made a conscious
decision to make research on nitride semiconductors my life work. This is a
recollection of wy theughts and wemories abont my contribution to the blue
TELAISSATICE Il% [ hope that the mistakes and moments of _f|.!_-|'_5||i|,;'_| will
inspire young scientists and engineers to have confidence in your own beliels

nob e swayved by trends and fashions, and move forward with passion ane

Z) Springer

2007

The research of Akasaki, Nakamura and Amano will be almost impossible now:

- Quick results and high short term impact: Glossy journals.
- Impact factor of the journal where results are published has become more important

than the long term impact of the research: Promotions, university evaluations,
funding agencies, researchers.



Two final thoughts

2.6 Why Did Nichia Succeed Where Many Much Larger
Shuji Nakamura Multinationals and Research Groups Failed?
Gerhard Fasol , _ _
work did play & major role.
hs always, the key to Nichi success is people. In Nichia's case thess

are just two: Shuji Nakamura and Nichia's chairman Nobuo Ogawa, It
important to keep in mind, that Nichia's management structure tremel)
imple. In the case of Nichia's gallium nitride program, the 'management

ructure’ consists of Ogawa, and Shuji Nalkamura, and nobody else

..lichia's chairman, N. Ogawa, gave Dr, Nakamura and two assistants

even in Universities the real decisions are taken by administrators and not

irchers — a ':;I:.IE_& di Hw ent I\| 1d of person to Ogawa, who knows what
kind of risks are necessary to achieve research success. There is ample evi
dence that many fundamental research laboratories of major multinationals
in “blue sky' areas of research tend to perform ‘main stream’ research, i.e

research work which parallels that of many other groups, avoiding to a !.I:'-:_i

sxtent the kind of out-of-the-ordinary, high-risk projects, which Nakamura

at Nichia embarked upon when work on gallium nitride was started, an area

which all competitors (with one or two exceptions) had abandoned in favor
[I-V] materials
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