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[11-V multijunctions used in high value applications

Space: Large, flat panels

- High efficiency at 1-sun AMO
- Light weight is critical

- High radiation resistance

- Cost not so important

Terrestrial: Small cells, high concentration
- High efficiency under concentration

- Low system cost

- Balance of system (optics, tracking...)
- Sensitivity to spectral changes

Efficiency is criticall



Proven Strategies for High Efficiency.Solar Cells

* Multijunctions — reduce thermalization losses
* Concentration — efficiency and economics
e Radiative efficiency — material science and optics

I1I-V alloys — high quality and versatile
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Metalorganic Vapor Phase Epitaxy.(MOVPE)

Easy to grow complex
structures with many
S — alloys using elements in
amounts of reactants
ﬂowedtbyhydro:;entgas GFOUp III and V COIumnS

into reactor.
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compounds break I AT ety 111 v
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constituents wnen they (TMG) (Arsine) other gases such as arsine
hit the hot substrate and (ASHs), phosphine (PH3), or
combine with other disilane (SixHg). B N
gases to deposit a A
particular thin layer on i Ga%h AsH3
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For example, TMG and ‘ - Al [
arsine react to form gallium ‘
arsenide (GaAs) on hot -
substrate. /’ )
Substrate heated Ga As
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than
3 CHa,
Byproducts, In Sh
including methane,
exhausted from
tube.
TI Bi
Exhaust ‘ ?GaAs substrate
' | placed in reactor.
Graphite susceptor

700°C-800°C
Used in solar cells, lasers, LEDs,

transistors, power electronics

NATIONAL RENEWABLE ENERGY LABORATORY 4



111-V material system

Highly crystalline
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Multijunction solar cells

Multijunction strategy:
e Absorb a broad portion of the spectrum

* Use multiple junctions with different bandgaps to
minimize thermalization
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History of Solar Cell Efficiency

Multijunction concentrators are highest and still climbing!
Invented 3J IMM -

Best Research-Cell Efficiencies | 9

NATIONAL RENEWABLE ENERGY LABORATORY

50

4] IMM

Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies

LM = lattice matched O CIGS (concentrator) I
48 - MM = metamorphic ® CIGS nve nte

IMM = inverted, metamorphic O CdTe

'V Three-junction (concentrator) O Amorphous SiH (stabilized)
44 |~ 'Y Threejunction (non-concentrator) 4 Nano-, micro-, PU|Y Si Ga I n P G aAS

A Two-junction (concentrator)

Sharp
Solar (IMM, 302x)
Junction

(LM
Fraunhofer ISE o
(MM.A7 0 0\

Emerging PV 0-Spe
A Two-jpnctign (non-concentrator) o Dyge»sgensmzed cells - O“& ASMC“I:‘%
sk E Four-!unct!on or more (concentrator) O Perovskite cells T n d e m
Four-junction or more (non-concentrator) @ Organic cells (various types) I t d 3J
Single-Junction GaAs A Organic tandem cells LM, 418855 n Ve n e
A Single crystal @ Inorganic cells (CZTSSe) Bcﬁ»::}ngr} .u"'S.harp‘ MM)
36 & Corcaaboty <> Quantum dot cells Spectrolab Boeing e d . | . . d
nec h - arp (IMM
V' Thinfilm crystal NREL Spectlab Spectrolab NREL I U te n I t rl e
| Crystalline Si Cells Japan  Spectrolab Spectroab THEISE NREL .
= 32 B Single crystal (concentrator) NREL Energy 1Ty Ata A b t I d b
o\° B Single crystal (non-concentrator) Varian NREL Devices A Alta u re a I Z e y
~ O Multicrystaline ian (216x) Devices
> 2gf & TnekSiim SV SR Suer Panasonic Y ] ’
Silicon heterostructures (HIT) S e —————— S I J tl
2 ¥ Thindimorystl &= Stanford b= = = = o= === . FhG- jAla SunPower A olar Junctaon s
& In-him crystal w0y, Kopin A, e ISE 6% )
— e % L]
o uF o °  MBE
= IBM a8 NSW
E (TJ. Watson A= === N UNSW UNSW/  NREL Sanyo
20 Research Center) ARCO UNSW Georgia  Eurosolare  (14x) Y
I~ AR Tech R (o)
Westing- Sp - NREL NREL ST el
{ecst:gweg pre Varian NReL NREL NREL NRETEL NREL U. Stuttgart _ Eraunhofer ISE
L Sha S SolaredpicT
16 No. Carolina N Matsushita NRELYZ™ | stuttgart O(Iargearr%a) ool
Mobil State U SM%rexSo\e’ex NREL AstroPower uttgart United Solar arch EPFL (g
Solar N . Boeing NREL EUOCIS  (jiedsoiar M8 ynieq Solar (@SincSi rcL‘ocL’/‘o
12— Boeing Oyodak Kodak Kodak ARCO » Shap
AMETEK Photon Energy ) m— 1
Matsushita " K: ’k
ARCO ~' Acsa
8 Uof MarpMcv'oso ar United Solar 3
of Maine NREL/Konarka  Kon
U.of Maine Groningen U. Linz -
’
4r Plextronics A¢ Heliatek PbS-QD)
T A U. Linz I, Linz b U. Dresden NREL
RCA S ron RC N (Zn0/PbS-QD)
01 T 1 1 I N N A Y A A A A [ T O A B
1975 1980 1985 1990 1995 2000 2005 2010 2015

NREL multijunction team leading efficiency gains through research
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Inverted Metamorphic Multijunction:(IMM).Solar Cell

* Near-optimum bandgaps can be achieved by changing the

GaAs lattice constant
Growth substrate * Inverted growth has many advantages
direction e  World record 40.8% with 3J IMM (now in production)
aln

* Demonstrated 45.6% with 4) IMM

1.8 eV
1) Se e Target of 50% with 5J or 6J IMM in near future
GaAs
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Transparent 2.4r
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Transparent s
om
’ Galr-'\P buffer 0.8l
GainAs on GaAs : :
&
3.8% 0.7 eV 0.4t 1.9% <—> | .
' 3.8% i  InAs
<«— Lattice constant —» >4 5.6 5.8 6.0 6.2

Lattice Constant (A)

NATIONAL RENEWABLE ENERGY LABORATORY



Understanding role of optics.in solar cells

External luminescence Total internal reflection
\ / - Some photons escape out the front
Photon recycllng - .
(e+h i) N %& « - Some photons are re-absorbed in the bulk
Parasitic absorption ____ }------- - y‘-"-; -------- Cell - i
(photons loat) |~ | Most photons directed downward toward the
; Cladding layers  substrate are lost
v Substrate

A
= (Enhanced) photon recycling:
‘%g Photons directed downward are reflected back
» E N into the cell, enhancing the photon recycling
Good Reflector > 95% | AN
\ INCREASES VOLTAGE
Enhanced reflection from the back Steiner et al., JAP 113, 123109 (2013)
A
cd” | Topcel _ o L
""" Luminescent coupling in a multijunction:
— Cladding, TJ, ... Photons directed downward can be coupled to a
, ¥ Bottom cell lower bandgap junction
Luminescent coupling — | EE——
INCREASES CURRENT
.

Steiner et al., APL 100, 251106 (2012)



Multijunctions - Complex optoeelectronic circuit

ext ext ext ext
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I~ [N [N I~
Reverse Reverse Reverse Reverse
Breakdown Breakdown Breakdown Breakdown
Shunt Shunt Shunt Shunt

Advanced characterization and understanding for improved design

Geisz et al., “Generalized optoelectronic model of series-connected multijunction solar cells”, IEEE JPV, 5, 1827 (2015)
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High performance devices through.material.science solutions

i X * Solar cells that glow
aterials ° H|gh quahty Iayers Wlth
different crystal lattice

France et al., MRS Bulletin, 41, 202 (2016)
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Material science challenges

Reduction of dislocations in metamorphic alloys

Effects of alloy ordering
 Transparency of layers using Burstein-Moss shift

Reduction of non-radiative recombination
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Multijunction solar cells for.50%.efficiency

 Funding: DOE EERE SETO SunLamp

 Goal: 5J—6Jinverted metamorphic solar cells for
high concentration

Target designs for 50% efficiency
|

Present status

45.7 % now i :
f . 1 front metal front metal
grid [_] grid [ |
front metal : front metal
oric[_] TJ —»f T
1.8eV Gasln 5P 1.7eV Al 3Ga77As .1 eV Al 5Ga 34In 44P 1.7eV Gagsln 35AS 7P 3
TJ TJ—>}:
’ 1.7V Al,3Ga;;As
TJ TJ-k
Ga,In,,P CGB Ga,In,,P CGB Ga,In, P CGB
1.0eV In3Ga,As 1.0eV In3Ga,As Ga,n,_,P CGB 1.2eV Ga;IngAs 1P 79
T~ TJ—»> | >
Ga,n;.P CGB Ga,ln, P CGB 1.05eV Ga »¢In 79AS 44P 56 1.05eV Ga 1IN 79AS 44P 56

TJ

reflective metal contact

reflective metal contact

a) 4J IMM b) 5J IMM c) 5J IMM d) 6J IMM
w/ two CGB w/ two CGB w/ one CGB w/ one CGB
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High Temperature Solar Cells forHybrid Energy

 Funding: ARPA-E FOCUS
* Collaborators: Yale, NREL, SolAero

* Goal: High temperature tandems for solar-thermal
hybrid cogeneration
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Perl et al, IEEE JPV, 6, 1345 (2016)
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Luminescent Solar Concentrators

 Funding: ARPA-E MOSAIC
* Collaborators: Caltech, UIUC, LBNL, NREL

* Goal: Tracker-free, low-profile concentrator using

high radiative efficiency quantum dots in polymer
waveguide coupled to GalnP microcells and Si cells

o, m. I,

InGaP
/GaAs
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Opportunities for research

Contribute to advancing the state-of-the-art
in multijunction solar cell efficiencies!

e MOVPE crystal growth

* |lI-V semiconductor material science
* Multijunction solar cell design

* Concentrator and Space applications
e Optical modeling

* Device processing

* Physics of optoelectronic devices
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Contact information:
John Geisz
john.geisz@nrel.gov
(303)384-6474

www.nrel.gov

i iNREL

NATIONAL RENEWABLE ENERGY LABORATORY

partment of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.



