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Part 1

* Multijunction basics
* Why multijunction? Efficiency!
e Operation and characterization

* |lI-V Multijunctions
* Materials, components, integration
* MJ pathways, applications and current topics

Part 2

* Introduction to perovskites

4-terminal perovskite/silicon tandems

2-terminal perovskite/silicon tandems

Current challenges and outlook

Other tandems ?
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PHOTOVOLTAIC TECHNOLOGIES ACADEMY

Silicon PV Thin film l11-Vs and tandems

-
S
1t generation 2"d generation 3"d generation
22-25 % efficiency ~20-22 % efficiency 30-47 % efficiency
—> efficient, low cost —> cheap, large areas - highest efficiency and cost

(o)
95 % of market Can we also make these high

| efficiency cells affordable?
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HIGH EFFICIENCY APPLICATIONS ACADEMY

Photovoltaic Energy storage applications
| Thermophotovoltaics Other future applications
_SpaC.e Power (a) thermal energy storage (b) thermophotovoltaics
< - . insulation
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power block . 2000°C 40°C
Hydrogen Production

W& Solar * Heavier nayios

Back Pack possible Rollabl eet of PV
(large scale) = Crck deploy

= /4 loss anea lor same power
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PHOTOVOLTAIC TECHNOLOGIES

Best Research-Cell Efficiencies
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Tandems are no longer just made of llI-Vs
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SOLAR CELL FUNDAMENTALS ACADEMY

Absorption Thermalization Separation Collection
Metal contacts
Conduction Band . L ] K =
A @ IrierifianZatiornd 9
4, o
i A, g
: Ly, ps!
i O l«—0O J
—~ “ (@)] ? o
% w! | Electron-hole <I>
— 2 pair
> 2 =) <3
2 @ é s @ L)
 / . ' “ L.’
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I

Valence Band

* Current is proportional to the number of absorbed photons
* Voltage varies approx. linearly with the bandgap: V.= E,/q- 0.4
* Power = Current x Voltage
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BROADBAND SOLAR SPECTRUM ACADEMY

The sun is not a laser
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BROADBAND SOLAR SPECTRUM
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ASTM G173-03 Reference Spectra Derived from SMARTS v.2.9.2

Blackbody, ~5800K

1.8

1.0

Spectral Irradiance (W/ mz/ nm)

0.5

Image Credit: ESA/NASA/SOHO
https://photojournal.jpl.nasa.gov/
catalog/PIA03149

AMO
Total irradiance ~1367 W/m2

Global
Total irradiance ~1000 W/m‘2

Direct + Circumsolar
Total irradiance ~900 W/m2

0O,
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wavelength (nm)
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2000 2500

Water absorption

3000

3500 4000

Source: http://rredc.nrel.gov/solar/spectra/am1.5/



SINGLE JUNCTION LOSSES
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conduction band

hyv bandgap E

valence band

'High current, low voltage

4 5 6 789 2 3 4
1

Sunday 25th Sep Energy (eV)

Conventional, single-junction cells have two
unavoidable losses which put a fundamental
ceiling on cell efficiency:

PV
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* Absorption losses

* Thermalization losses P

Low current, high voltage

o]

4 5 6 7 89

Energy (eV)

Museo Nazionale Scienza e Tecnologia Leonardo da Vinci ngher energy photons (Shorter Wavelength) )



FUNDAMENTAL LOSSES
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Conduction Band

:»,%Thermalization

@@@

cecoececee

Valence Band

Sunday 25th September 2022 | Milan, Italy
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Two fundamental losses in a solar cell:

1) Photons with E < E, do not get absorbed

- Extend the range of absorption
2) Energy in excess of E, is lost to thermalization

—> Divide the absorption into smaller bands to reduce the
thermalization losses
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MULTIJUNCTION ADVANTAGES

<@
A

Global spectrum
(photons/m?/nm/s)

it

400 600 800 1000 1200

1400

1600 1800

)

400 600 800 1000 1200

1400 1?00 1800
o 2\ e
() Q@ A
2 g O _
400 600 800 1000 1200 1400 1600 1800
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Single junction, optimal bandgap

Reduced thermalization losses

Increased voltage from additional cells
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DIVIDING THE SOLAR SPECTRUM ACADEMY

Mid-E Cell—— & Mid-E Concentrator
’:wx_‘?_h/

Spectrum Splitting

Dichroic

e s 2-Terminal

- 128 mm ] Eg 1
! !
Front Lens Low-E Concentrator

McCambridge et al., Progress in PV (2010)

|—E ' IF | IE ' * Requires current matching
| g1 =g2 g3 * Sensitive to spectral variations
(a) spatial (b) stacked
4-Terminal
3-Terminal

Mitchell et al., Progress in PV (2010)
PV Sunday 25th September 2022 | Milan, Italy
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SERIES-CONNECTED TANDEMS APCXEI\/IY

Continuous current through the device: sum the voltage at every current

V() = iViU)

o

Current density (mA/cmZ)
n

ol Tandem
GalnP ) :
_‘I 5 ] i ] ] 1
-2 -1 0] 1 2 3
Voltage (V)
PV Sunday 25th September 2022 | Milan, Italy
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SERIES-CONNECTED TANDEMS

Continuous current through the device: sum the voltage at every current

V() = iViU)

o

I
o

Current density (mA/cmz)
&

-1

ocC

------ o0 -0 - .

GaAs ) J

_ g Tandem |
GalnP 5 )

1 i 1 | 1
-2 -1 0 1 2 3
Voltage (V)
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Current density (mA/cmz)
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5 Vmpp Jsc
T T T T 5 I I I I
E
0 e I Nt M it S y § 0] USRI SUURION I SUUULENY U
£
-5t { 2
° - ] 2 5 '
ans e o 9 _EaAs o J ® J
10t Tandem | = _]0/ Tandem |
GalnP J f*::’: GalnP J
O ;
_15 ] i 1 1 ] 15 1 i ] 1 1
-2 -1 0 1 2 3 -2 -1 0 1 2 3
Voltage (V) Voltage (V)

Note that the limiting cell is in reverse bias
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CURRENT MATCHING P I A I N ACADEMY
& .

Pretend you’ve designed a 2-terminal % sh
multijunction device and the subcell s |GaAs i )
currents are very mismatched. What £ 10} Tancen
tactics can be used to make the subcell 5 GalnP___ J
currents equivalent? -15 R

2 1 0 1 2 3

Voltage (V)
Mismatched current Adjust thickness Adjust bandgaps

1.9 eV

1.4 eV

PV Sunday 25th September 2022 | Milan, Italy
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QUANTUM EFFICIENCY ACADEMY

Quantum Efficiency = # of electrons collected / # of incident photons
e Scan one wavelength at a time and compare current response to calibrated device
* Multijunction devices: use monochromated AC light for QF measurement

 Use DC bias light to force current to be limited by one particular subcell

ELL _ MJ QE enables subcell Jsc to be measured
Erajeciar Separate DC bias 1.0 ,
Blub Chopper licht f h subcell I I I I I
A~ ight for each subce
spectral range e
Monochromator % i .
] O
I  Bias Light "'é' 0.6 B
i g = == GalnP top cell
i 5 GaAs bottom cell
Lock-In i 8 04 —
Amplifier Current to Voitage i =
Preamplifier c
@
u% 0.2 —
Measure [ Measure
DC Current Voltage _ | _
0.0 .

PV Sunday 25th September 2022 | Milan, Italy Image from: Timothy 400 500 600 700 800 900 1000
ACADEMYy Museo Nazionale Scienza e Tecnologia Leonardo da Vinci Nagle, Ph.D. Thesis 2007 Wavelength (nm)



fiber for custom applications

200-1050 n
] \
[1750-900 nm_\

J-V FOR DEVICE EFFICIENCY T

/ [1350-450 nm

ﬁGUO—?SO nm

One-Sun Multi-Source Simulator (OSMSS)
* 9 adjustable spectral channels attenuated
with computer controlled shutter

Beam Homogenizer

| 1400-600 nm

Illuminated J-V curve

* llluminate solar cell with simulated solar spectrum,
scan voltage and collect current to determine power

.. . 4 . 1 1600-2000 n

* Multijunction measurement requires adjustable J

|11425-1600 nm

dichroic mirrors
IJ1200-1350nm HERE

J

J 1050-1200 nm

10-80 °C, 9 cm square at 1 sun

solar simulators! 8 Test Bed mounted on X-Y stage
10 I I I - 80/_\
R O ©
e - >
G Voc = open circuit voltage | — -g =4
< 60O
E > i 2
= O LRt . — 2,
[ Jsc = short 3 0 o
A S circuit current — c 40 o S
© e 4
g ot = 3 ©
© 10 / xaxfﬂ‘l";"e; point J o Simulator
= = fill factor >
3 & 20~ spectrum
| | | o
-15 B O_‘
0 1 2 3 4 |.|>j _©
Voltage (V) _ . 0 Global
PV Sunday 25th September 2022 | Milan, Italy 400 800 1200 1600 spectrum
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Q&A

What happens to the fill factor of the
tandem as the subcell currents become
matched?

What happens to the fill factor of the
tandem if the JV solar simulator is not
correctly balanced between junctions?

Olson, Friedman, Kurtz, handbook of
photovoltaic science and engineering, 2003

PV

ACADEMY
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Current density (mA/cmZ)

Ofemeereeeeeees s ot I S
s}
GaAs i J J
_10l Tandem
GalnP 5 J
_‘I 5 1 i 1 1 1
-2 -1 0 1 2 3
Voltage (V)
L 1 1 1 1 1 I I_
- - - \ i
- top subcell
. 7 *--.__ bottom subcell
7 el L
7
o8 subcell Jsol

AM1.5G

tandem FF[

1
S 6 7

2

top-cell thickness (um)
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Q&A ACADEMY

* What happens when you shine a
laser on a multijunction solar cell?

& 30 Lt_ﬁ | ]
£ |
* These are the JV curves of record < 25 "' ]
efficiency multijunction devices £ 20 =3 —
with a different number of >
: . , = 15 —
junctions. Can you determine the 2
number of junctions in each? g 8 10 — —
€ S5k
s |
5 0 | ‘ ................................................. —
5 | | | | |
0 1 2 3 4
EjléEMY Voltage (V)




I1I-V MATERIAL SYSTEM
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viB
15.9994/( .
o - E Typical n-type
| 1429 ; dopants
. Nit ' O‘xyg.:;w
Typlcal p'type 6 32.06
=246
dopants 17.78 s
B Pk Suttur
30 =y 4
lé;go?s z oo Ga se
el Vil e senss |
N S | 27.60||
1040 ”2 2 1246:
'::13 c 2265 Te .:
(Krjad' 52 (Krj4d'Ss'p [Krad'955207 |Krj4d'o5sip® BN [Krj4d'05s7p*
_| _Cadmium Indium Tin Antimony § \ Tellurium 4
180 200598 82 207.2[ {4 "..;.!!r..;;'-;"’
A 42
£30 1746 = 1935
I Hg|w T = Phi Bi Po
|Xe)a!'*5d'%6s? | [XeJ!''5d 6s’p' | |Xe 5" %s’p’ | Xe)a1'454" Ge?p? IIOW 45d"%6s7p*
Mercury allium Lead Bismuth Polonium
« Wide variety of materials and bandgaps
Sunday 25th September 2022 | Milan, Italy  P-and N- type dopants available
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EPITAXY ACADEMY

The deposition of an overlayer on a crystalline substrate, TMAI
where the overlayer is in reqgistry with the substrate ™I
n

Metalorganic vapor phase epitaxy (MOVPE / MOCVD) i l & q CS )

- Expensive organometallic and hydride sources
- ~10-60 um/hr
- Industry standard

Molecular beam epitaxy (MBE)
- Elemental sources

- ~1um/hr

- Ultrahigh vacuum

Hydride vapor phase epitaxy (HVPE)
- Metallic and hydride sources
- >500 um/hr for some materials

PV Sunday 25th September 2022 | Milan, Italy
ACADEMY Museo Nazionale Scienza e Tecnologia Leonardo da Vinci

From K. Mukherjee, Thesis, adapted from Pinzone.



SERIES CONNECTED 2-JUNCTION DEVICE

Front grids

Components

p-n junctions —

cladding layers
tunnel junction

anti-reflection coating

* Bandgaps are extremely important!
* Highest efficiency when each junction
produces the same current
* Material quality must be high!
* Limit structural defects upon subcell
integration

PV

ACADEMY

N

Solar Radiation

PV

ACADEMY

Anti-reflection
coating

/0

AlInP window layer

n-type GalnP

p-type GalnP

top cell
E,=1.85eV

AlGalnP BSF layer

p++/n++ tunnel junction

GalnP window layer

n-type GaAs

p-type GaAs

bottom cell
Eg =1.42 eV

AlGaAs BSF layer

GaAs substrate

Au back contact



WIDE BANDGAP RANGE

llI-V binary
l1I-V ternary

1-VI
IV

2.8
24
2.0
1.6
1.2

Bandgap (eV)

0.8

04

il - _
AAIP ZnSe @)
W AlAs Cds o |
EaP ZnTe |
4 o _
cdse 0O
AISb
Si
e o —
GaShb
| | | L ®nAs™| ™ |
5.4 5.6 5.8 6.0 6.20 25
Lattice Constant (A) Global
spectrum

PV
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Optimal
3-junction
bandgaps

J1
J2

13

Can you foresee a challenge integrating 3 optimal Ill-V materials together?
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WIDE BANDGAP RANGE available substrates ACADEMY
1 | | |
58 _| :': | : | : | : ] I_I I |_
l1I-V binary - h 1 1 .
I1l-V ternary IhAIP /r]]Eh; 0] : : Optlma.l
2.4 - L AlAs @;QHS: : O — | — 3-Junct|0n
o~ : A - T bandgaps
11-VI % 2.0 Eﬂ’ . : {/m e | [ |
IV Y- o J1
g 16| ~
.8’ 1.6 - T . ) Be | 12
c I N i ’ e — |
(1] £ - e/ \ — J3
- 1] I)q I O — —
0.4 i: G ei \dasb 3 R— |
ol Tt | L 1 1 ePnAsT| %,
54 5.6 5.8 6.0 6.20 25
Lattice Constant (A) Global
spectrum

Optimal Ill-V materials don’t have the same lattice-constants




I1l-V CRYSTAL STRUCTURE

Zincblende crystal structure
Unit cell contains 4 Ga and 4 As atoms

¢
“ —»

Lattice constant (A)

PV
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Lattice-mismatched InGaAs on GaAs
10 atoms

AvAVAS Ay Ay dvAvAvAvA,
AYAY Ay Ay Ay i Avay Ay~ I
AAA AL A AL AL S AT A
— A e R S o
A A AT A AT A A AT AAA
A AT A A A AA Y YR
AAAAAL A A AL S AA

11 atoms

Lattice constants : a, > a,

Excellent crystalline material quality when all materials have the same lattice constant

PV Sunday 25th September 2022 | Milan, Italy
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LATTICE-MISMATCHED MATERIALS

11

1051 TR

.95

Voc (V)

08

0.75

0.7

0.65

0.6
1

* Threading dislocation density (TDD) < 10°
cm needed for good solar cell performance

— n"p (J,,and J ,)
=== n"/p (J,, only)

— n/p (Jo1 and Juz(V)) i

=== 1P (Jp(V) only)

— p*in(J,, and J,)
+

=== p/n(J,, only)

p*fn ("'01 and Joz(v)) SSUUUORUUUINNE SOOI 055 HOROROE SOOI ;
P/ (J (V) only) i

T
n

|.

Ip:@osu |
A Ref14
A Ref.13
. Y Ref12
WK\ O Ref11

0

10°

Threading Dislocation Density (cm?)

10

5

10

6

1 00 . . . . . . ; BDEI!d-gaas.-B-B'-DZI. 80655;9339-5-? -b1
X 80f _
)

c
2
o N .
g 60
L
S
2
S 40 -
3
g
©
S 20t i
o] EQE of GaAs solar cell grown on:
@ —=— GaAs substrate
---o--- Si substrate with GaAsP buffer

- N
w o

-
o

Current Density [mA/cm?]

0 1 1 1 A
0 200 400 600 800

0 " 1 " 1 . 1 " 1 " 1 "
300 400 500 600 700 800 900
Wavelength [nm]

BOGB6-gaas-3-6"-b2, BOGES-gaas-5-6"-b1
I ' 1 " I N I 4 |

| TDD= 108 cm2 3,
)

©
&
- AM1.5g, 1000 W/m? ; T
GaAs solar cell grown on: ¢
—a— GaAs substrate ;

---0--- Si substrate with b
GaAsP buffer i

1000
Voltage [mV]
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Threading dislocations

/L \

solar cell

substrate

Lattice mismatched layers can only be included when the TDD is |low Theoretical : C. Andre, PhD Thesis, Ohio State University (2004).

Experimental: T. Roesener, PhD Thesis, Universitdt Konstanz, Germany (2013



111-V MULTIJUNCTION PATHWAYS

-3 J optimal bandgaps

2.4

2.0

1.6

1.2

Bandgap (eV)

0.8

0.4

0.0
5.4 5.6 5.8 6.0 6.2

Lattice Constant (A)
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Lattice-matched approaches

@ Standard Ge-based
Quaternary GalnNAs
Wafer bonded
Lattice-mismatched approaches
Upright Metamorphic
Inverted Metamorphic

* Lattice-matched, high-performance

* High efficiency despite not having
optimal bandgaps

* Geisindirect, has low bandgap




111-V MULTIJUNCTION PATHWAYS

-3 J optimal bandgaps

I Aap | K¢} |
24— —
CdS (®)
AAIAs

2.0
S
L 16
Q
o
S 1.2
5
m 0.8

0.4

0.0 | | | |

5.4 5.6 5.8 6.0 6.2
Lattice Constant (A)
PV Sunday 25th September 2022 | Milan, Italy
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Lattice-matched approaches
Standard Ge-based

@ Quaternary GalnNAs
Wafer bonded
Lattice-mismatched approaches
Upright Metamorphic
Inverted Metamorphic

* Lattice-matched, more optimal bandgap
combination

* GalnNAs tends to have low diffusion length
and high non-radiative recombination




111-V MULTIJUNCTION PATHWAYS

— 4] optimal bandgaps

I Aap | K¢} |
241 —
CdS (®)
AA|AS
2.0
>
L 1.6
o
>
2 1.2
s
m 0.8
04
0.0l | | |
5.4 5.6 5.8 6.0 6.2
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PV

Lattice-matched approaches ACADEMY
Standard Ge-based
Quaternary GalnNAs
D Wafer bonded
Lattice-mismatched approaches
Upright Metamorphic
Inverted Metamorphic

e Optimal bandgap combination
* All lattice-matched, high-quality materials

Requires two growths and bonding

Image credit:
50-percent.de



111-V MULTIJUNCTION PATHWAYS

-3 J optimal bandgaps
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Lattice-matched approaches

Standard Ge-based

Quaternary GalnNAs

Wafer bonded

Lattice-mismatched approaches
@ Upright Metamorphic

Inverted Metamorphic

 Current-balanced
 Low mismatch buffer ~1.2%
* High efficiency 3J design

Other active Threading . . .
subcells " dislocation Low- dislocation density
Paslsivating, p-n junction/ Misfit active material
ayers N I dislocations
Overshoot !:f’ 7
layer
! 2
= =
Compositionally . .
graded buffer Dislocations
| within
graded
buffer
Substrate/
Growth active
direction subcell

-— g — TEM
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-3 J optimal bandgaps
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Lattice-matched approaches
Standard Ge-based
Quaternary GalnNAs
Wafer bonded
Lattice-mismatched approaches
Upright Metamorphic

/\ Inverted Metamorphic

e Top cell grown first, substrate removed
* Near ideal bandgap combination
* Flexible design, up to 6 junctions

GalnP

GaAs

graded buffer

CEIAS

<+— | attice constant —>



METAMORPHIC MATERIAL

Other active Threading
subcells ~ dislocation
Passivating p—n junction / Misfit
layers "\ , /dislocations
e
Overshoot
layer gV/}/
[
Compositionally |_\ /[ |
graded buffer \ —
e
— ]
/
Substrate/
Growth active
direction subcell
- 31: e

PV
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Intentionally introduce dislocations
to alter in-plane lattice constant
Need to minimize threading
dislocation density for performance
Maximize dislocation glide

JA ,
Strained
GalnP layer
Substrate
\ AN \
Misfit \ Defects
alieve impede glide
(gtrlai\;])s thread and thread
(bad) annihilation




Electron channeling P V

MATERIAL CHARACTERIZATIONS e e e ACADEMY

Misfit dislocation

High resolution XRD

X-sectional TEM , .G.“(.je.! dynamlcs —

0.708 W

Material nonuniformities

0.704 |

0.700

0.696

Qz 1/A

0.692
0.688
0.684

0.680

0.676 |- | T T S S I S T T |" .‘J oo
0.0 1.0 2.0 3.0
Tilt (deg)

Cathodoluminescence/ EBIC
Threading defect density Atomic force microscopy
—— Surface analysis

N. Quitoriano et al.,, J. Appl. Phys. 102, 033411 (2007)
R. France et al., MRS Bulletin, 41, 202 (2016)

R. France et al., J. Photovolt., 4, 193 (2014)

S. B. Samavedam et al, J. Appl. Phys. 81, 3108 (1997).




METAMORPHIC GAINAS CELL PERFORMANCE
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Bandgap (eV): 1.2,1.1,

0.9,0.8,0.74,0.70

10 I 1 | 1
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T 08}f 403
Ll
c 0.6 303
2 _ W
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§ 02 103
E = ! ! !1 ©
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1600

Wavelength (nm)

Graded buffers can be used for lattice-mismatched GalnAs subcells

with collection spanning large portion of solar spectrum
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Mismatch (%)
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R. France et al., J. Photovolt., 6, 578 (2016)



6-JUNCTION INVERTED METAMOPRHIC

Bandgap (eV)

PV

ACADEMY

5.8 6.0
Lattice Constant (A)

J. Geisz et al., Nat. Energy., 5, 326 (2020)

5.4 5.6
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Lattice-matched Lattice-mismatched

1.0 F

Efficiency
Reflectance
o o o o
N AN (0)] (00}

External Quan

o
o

—_—

(o)}
o

50

40

Wavelength (nm)

3 subcells lattice-matched to GaAs
3 independently mismatched GalnAs subcells

Ol X Wu/S/_w/suojoyd

c
wnJoads |eqo|n



PV

H |G H EFF|C| ENCY RESU LTS Concentrator JV results ACADEMY
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CONCENTRATORS

](V) ~ ]sc _]O (e% o 1)
J(V)=0at V.

Assumption of linearity:
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CONCENTRATORS, HIGH CURRENT APPLICATIONS ACADEMY

P=I2R Tactics:
4-junction cell current: Modn‘y.grld §paC|ng
lsun =12 mA/cm? Heterojunctions
500 suns = 6 A/cm? More junctions u u u
Metal resistance 2 awincowlaven
n-type GalnP, Eg=1.9 eV
u Metal-Semiconductor p-type AlGalnP
AlinP window layer : resistance top cell
n-type GaAs Semiconductor E,=2.1eV
p-type GaAs sheet resistance -
GalnP window layer
E,=1.4eV n-type GaAs
AlGalnP BSF layer p-type GaAs
| | E,=1.4eV
GalnP BSF layer

P/ B sunday 25th September 2022 | Milan taly O —
ACADEMY Museo Nazionale Scienza e Tecnologia Leonardo da Vinci
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SPACE PV ACADEMY

e Design for end-of-life efficiency
* Radiation hardness  diffusion length, voltage
 Thermal cycling
* Lightweight

e Radiation shielding

1.01 GaAs/Ge
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ACADENY Jusgo Nazigna Selenzg e Tecnolggia Leoligrdo da Ving S.R. Messenger et al. Prog. Photovolt., 9, 103 (2001).



LOW COST IHlI-VS

High efficiency architectures

* Absorb as many photons as possible
* Minimize voltage losses

* Spectral insensitivity?

Low-cost growth and fabrication
* Inexpensive source material

High throughput

Good source utilization

Low-cost metallization & processing

Low-cost substrates
e Remove and reuse the substrate

Gas
Flow

PV

> 1.0
2 ACADEMY
:g 0.8}
©
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C
S 04 \ ,
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o H, - * Single Crystal Substrate
Source Zone —T = 800 C Deposition Zone —T = 700 C
Metal Stressor
X-Sectional SEM "
Epilayer yoids Graphene

* Grow on something very inexpensive
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Force

Ge Substrate
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Device Material

Substrate Graphene
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SiOy Mask

GaAs Patterned weak layers
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NEW APPLICATIONS ACADEMY

e Other uses of high quality IlI-Vs with tunable bandgaps
* Hydrogen Production
* Laser power converters (LPC)

* Thermophotovoltaics (TPV) 11-V cells grown on GaAs

3J optimal bandgaps 44
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S 030 © =
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0 0 - | | I |
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wavelength (um) 1.4 1.2 1.0 0.8
PV Sunday 25th September 2022 | Milan, Italy Bandgap (eV)
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LASER POWER CONVERSION

LPCs used for power transmission to
difficult to reach areas

e Multijunction reduces |, increases V
* Egcan be tuned to laser wavelength

~ Remote sensors
T — UAVs

= Galvanic isolation, other
L difficult environments

PV Sunday 25th September 2022 | Milan, Italy
ACADEMY Museo Nazionale Scienza e Tecnologia Leonardo da Vinci

S. Fafard et al., J. Appl.
Phys., 160901 (2021)

Metal ACADEMY
Emitter
Base 1:
n1
Base 2:
T)2
Base ...
...
Base (N -1)
TJ (N -1)
Base N

Buffer a Reflector

Substrate

> 70% efficiency demonstrated!

S. Farad et al., Photonics, 9, 59 (2022).
H. Helmers et al., phys. Stat. sol., 15, 2100113 (2021).



THERMOPHOTOVOLTAICS
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Concept

D ELE
Energy storage

Waste heat
recovery

Vehicles

TPV cell

radiator

heat
source

\_

Fission
surface
power
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Article

Thermophotovoltaic efficiency 0f40%
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Metamorphic 2-junction cells
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e Combining 1.7 eV lll-V cell with a 1.1 eV Si cell 80 '

would target the optimal 2J bandgap
combination. What materials integration =~ ——

challenges exist?

. —= A | T L

Normalized AM1.5G photon flux

GaAsP/Si tandem cell |

EQE (%)

— GaAsSP | =——Si |
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o

* Consider a reflective rear contact. How can the
reflector benefit a photovoltaic device? What
about a thermophotovoltaic device?

\

Mirror and Back Contact

Handle
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Thank you!

NREL/PR-5900-83985

Sunday 25th September 2022 | Milan, Italy
Museo Nazionale Scienza e Tecnologia Leonardo da Vinci

Ryan France

Ryan.France@nrel.gov

This work was authored by the National Renewable Energy Laboratory, operated by Alliance
for Sustainable Energy, LLC, for the U.S. Department of Energy (DOE) under Contract No.
DE-AC36-08G028308. Funding provided by the U.S. Department of Energy Office of Energy
Efficiency and Renewable Energy Solar Energy Technologies Office. The views expressed in
the article do not necessarily represent the views of the DOE or the U.S. Government. The
U.S. Government retains and the publisher, by accepting the article for publication,
acknowledges that the U.S. Government retains a nonexclusive, paid-up, irrevocable,
worldwide license to publish or reproduce the published form of this work, or allow others to do
so, for U.S. Government purposes.



	Outline Tandem Solar Cells
	Introduction Photovoltaic Technologies
	Introduction High Efficiency Applications
	Introduction Photovoltaic Technologies

	Multijunction Background Solar Cell Fundamentals
	Multijunction Background Broadband Solar Spectrum
	Multijunction Background Broadband Solar Spectrum
	Multijunction Background Single Junction Losses
	Multijunction Background Fundamental Losses
	Multijunction Background Multijunction Advantages
	Multijunction Background Dividing the Solar Spectrum
	Multijunction Operation Series-Connected Tandems
	Multijunction Operation Series-Connected Tandems
	Multijunction Design Current Matching
	Multijunction Device Characterization Quantum Efficiency
	Multijunction Device Characterization J-V for Device Efficiency

	III-V Introduction III-V Material System
	III-V Introduction Epitaxy
	III-V Components Series Connected 2-Junction Device
	III-V Introduction Wide Bandgap Range
	III-V Introduction Wide Bandgap Range

	Material Integration Challenges III-V Crystal Structure
	Material Integration Challenges Lattice-Mismatched Materials

	High Efficiency Devices III-V Multijunction Pathways
	High Efficiency Devices III-V Multijunction Pathways
	High Efficiency Devices III-V Multijunction Pathways
	High Efficiency Devices III-V Multijunction Pathways
	High Efficiency Devices III-V Multijunction Pathways

	Materials Research Metamorphic Material
	Materials Research Material Characterizations

	Metamorphic Devices Metamorphic Gainas Cell Performance
	Metamorphic Devices 6-Junction Inverted Metamoprhic
	Metamorphic Devices High Efficiency Results

	III-V Applications Concentrators
	III-V Application Requirements Concentrators, High Current Applications
	III-V Application Requirements Space PV

	Current Topics Low Cost III-VS
	Current Topics New Applications
	Current Topics Laser Power Conversion
	Current Topics Thermophotovoltaics




