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The Solar Cell, OPTO-ELECTRONICS
the LED,

the semiconductor laser,----are all the same device:
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1-sun, single junction, /
- solar cell efficiency record:
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Alta Devices record cell, 1.127 volts——
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Alta Devices,
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Shockley told us to generate the maximum possible
external luminescence:

qvoc = qvoc-ideal - kT“n{next}‘

]

The external

luminescence yield Mgy

Only external is what matters!

Luminescence can balance
the iIncoming radiation.
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For solar cells at 25%,
good electron-hole transport is already a given.

Further improvements of efficiency above 25% are all about
the photon management!

A great solar cell needs be a great LED!
Counter-intuitively:

Solar cells perform best when there Is maximum
external fluorescence yield n.,.

Miller et al, IEEE J. Photovoltaics, vol. 2, pp. 303-311 (2012)



Counter-Intuitively, to approach the
Shockley-Queisser Limit, you need to have
good external fluorescence yield n,, !

Both
— needed for

00d Myt

Internal Fluorescence Yield n;,, >> 90%
Rear reflectivity >> 90%




sunlight carries entropy* AS *ask any astrophysicist

Free Energy = hv — TAS
-0.3eV -0.1eV

r—% r—j%
Free Energy = hv — KT [In{n/Q.}| - KT [In{0.1}|

Entropy due to Entropy due to

loss of directivity weak sunlight
information

= 1.4eV — 0.4eV = 1eV

where € is the solid angle
subtended by the sun.
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On a bad day dayllght stlll contams >70%¥ FreeEnergy_
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Dual Junction Series-Connected Tandem Solar Cell

hvg )

Solar CeII 0 p-GagslngsP E -1 SeV Solar CeII
Tunnel { { p*Al,:In, P E ~2.35eV Tunnel
Contact] ¢ n*-Al,cIn,.P E,~2.35eV S Contact

) n-AlysIn, P
GaAs i n-GaAs Eg:1.4eV GaAs
Voc=1.1V p-GaAs E,=1.4eV Voc=1.1V
Solar Cell 0-Al, ,Ga, sAS Solar Cell

All Lattice-Matched n~34% efficiency should be possible.



Alta Devices

DuaI_JunCtlon 1sun GalnP/GaAs Tandem Cell

results from

Device ID: AD33551-1-3 Device temperature: 25.0 = 1.0 °C
. S 14 DM 1/5/9 ice area- 0. 2
Alta DEVICeS, Inc. 5:14 PM 1/5/2016 Device area: 0.999 em’”
Spectrum: ASTM G173 global Irradiance: 1000.0 W/m”~
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38.8% Efficient--all time champion solar cell
Quadruple-junction 1-sun cell captures diffuse & direct light

designed
for
Luminesce- - cotal
Extraction & £ns .O d
Ph Epoxy < internal
ot(?n- - reflection
Recycling

-~ GalnAsP junction

— GalnAs junction

9— InP substrate

IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 6, p.358 (JANUARY 2016)
Myles A. Steiner, Sarah R. Kurtz, et al, NREL USA



The need for Seasonal Storage:

Germany Electricity Generation
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After spending ~10'Euros,
Germany has installed 40GW of panels,
but receives only 7% of its electricity from solar



Need for seasonal, long term energy storage.

Sunlight

Sunlight

Summer Sunlight Cycle: Longer Days

\

Time

Winter Sunlight Cycle: Shorter Days

Time

-Summer: More hours of daylight.
Sun is higher in the sky

-Winter: Shorter days, increased
cloudiness, and sun is lower.

Therefore storable fuel,
not batteries
are needed.



For Photovoltaics to make a further impact,
new applications and markets are needed; bigger than
the ~10% impact on the electric utility industry.

1. Pumped water for Reverse Osmosis desalination.
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3. Thermo-PhotoVoltaics
4. Electro-Luminescent Refrigeration & Heat Engines



Opto-Electronics, Is There Anyt

ning it Cannot Do?

Required Internal

Application Luminescence Efficiency

1. Internet Communication

2. GaN Lighting

3. Electricity Generation
by Solar Panels

4. Automobile Engine

5. Refrigeration

~90%

~90%

~99% (to break
records)

~90%

~99.9%



Superb Rear Reflector;

Thermo- Recycle the Long-Wave Infrared Photons:
PhOtOVOItaJCS Blackbody Power Spectrum
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Thermo-PhotoVoltaic Hybrid Car:

CHANN [ PP R PO LR

Only ~20% efficiency

Proceedings Future Transportation Technology Conference, Christ, S. and Seal, M.,
"Viking 29 - A Thermophotovoltaic Hybrid Vehicle Designed and Built at Western
Washington University," SAE Technical Paper 972650, 1997, doi:10.4271/972650.



At 1200C, there are 280 suns bouncing around internally!
semiconductor bandgap itself is the ideal spectral filter.
spectrally selective emissivity not needed.
>50% efficiency Is possible

thermophotovoltaic
chamber

reflected
thermal

water cooling radiation
on all exterior =
surfaces hot source

photovoltaic cells
lining inner faces of
radiation chamber

280 suns bouncing around internally!
70cmx70cm Is adequate for hybrid car.
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(b) x10

Thlackbody=1200°C

E,=0.75 eV

Spectral power density (W/cm?/eV)
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Myles Steiner Cell Design:
(b)

n*-In, s£Ga, 4sAs (1018 cm3) —
n*-InP (108 cm-3)

N-Iny s-Ga, 4-AS (1017 cm-3, 0.75eV)

p*-InP (1018 cm™3)
p*-Ing 69Gay 31AS 67P0.33 (10° cm)

Rear reflector (Au)

Handle (Si)

2 um

200 nm
20 nm

2.5 um

100 nm
200 nm



Graphite emitter

2.76m $0.72mm
2.62m Cu baffle
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Emitter at 1200°C
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(b)

TPV conversion efficiency
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TPV conversion efficiency
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TPV conversion efficiency (%)
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Quad-Copters for
civilian & military use:

Duration depends on energy density
Lithium battery lasts a short period.

Liquid fuel has 50x times higher
energy density, would last >40 hours.




But there Is competition from
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(but new H, storage
technologies are

being invented)



Traditional Thermoelectric cooler/generator

electric current carries heat

phonon energy required
to surmount barrier g

/

Metal

n'B|2T83

this side gets cold

phonon energy
returned to the heat bath

Metal

this side gets hot

electric current drags entropy — from left to right

Also works to generate electricity
The hot side sends out more electrons than the cold side



<unlight carries Cntropy* A g

hv
hv

hy

hv *ask any astrophysicist

hv

—> Ve

solar cell

Free Energy = hv—TAS

qV,e =E;~ TAS

For GaAs Eg1s 1.4eV
But the record V,.=1.12\0lts

Most of the entropy is due to loss of directionality information.



Now reverse everything
My

LED light carries hv hy
away entropy AS

hy hy
- —>

light emitting diode

Input 1.12 Volts
getout E;= hv =1.4eV

Where does the extra 0.28eV come from?
obviously heat from the lattice.

Most of the LED light entropy is due to loss of directionality information.



Shockley's perpetual motion machine, circa ~1955

LED PV cell
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"Thermal Energy Taken from Surroundings in the...Radiation from a p-n Junction”
Jan Tauc, Czechoslovak J. Phys. 7, 275 (1957).

"Thermo-Photonics” N. P. Harder & M. A. Green,
Semicond. Sci. Tech. 18, S270 (2003)



Electroluminescent refrigeration

Cold LED, T,

phonons

vacuum gap
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Hot PV cell, T,
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This all works because GaAs Is
the most efficient fluorescent
material.

GaAs Luminescent
Efficiency:

99.9% internal at 300K
99.99% internal at 130K

For Yb:YLF,
Ytterbium in Yttrium Lithium
Fluoride,

99.9% luminescent

efficiency Is known.
For CH;NH,Pbl; >99%




anti-reflection %Z ;
' n*-GaAs
/ coating «

Record-Breaking ALTA Devices Solar Cell,
~35% external electro-luminescence Efficiency
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Super LED, >98% external electro-luminescence Efficiency
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Rear reflectivity
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Composite rear reflector:
99.99% reflectivity
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External luminescence efficiency
based on longest observed SRH lifetime, t,, = 21 s

100%

contact absorption

free carrier absorption Hulli{eI@e}SS
98%

A
Shockley- “9e,
Read-Hall

96%

94%

92%

External luminescence efficiency

90%

1 1.1 1.2 1.3 1.4
LED voltage (V)
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At room temperature, 2-3x more efficient than thermoelectrics
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Coefficient of performance

(fraction of Carnot limit)

Improved cooling efficiency for cryogenic applications
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The Solar Cell, OPTO-ELECTRONICS
the LED,

the semiconductor laser,----are all the same device:
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Opto-Electronics, Is There Anyt

ning it Cannot Do?

Required Internal

Application Luminescence Efficiency

1. Internet Communication

2. GaN Lighting

3. Electricity Generation
by Solar Panels

4. Automobile Engine

5. Refrigeration

~90%

~90%

~99% (to break
records)

~90%

~99.9%








