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Motivation — why tandem cells ?
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Tandem Cells

Carnot Boltzmann

Prog. Photovolt.19, 286 (2011)















Upper cell
GalnP 1.7-1.9 eV

Tunneljunction

Middle cell
GaAs 1.3-1.4 eV

Tunneljunction

Lower cell
Ge 0.67 eV




DOI: 10.5130/pamr.v3i0.1413



33% efficiency (1.3 x the efficiency of silicon cells)

but: cost approx. 1-10 T€ per W (c.f.. Si approx. 1 € per W)



Perovskites — the low-cost alternative?




Perovskite Band Gap Tunability




Perovskite based tandem cells

CIGS — Perovskite
Pro: CIGS established cell technology, stable
Con: Cd content, abundance of elements, high-T process

Silicon — Perovskite
Pro: high efficiency, Si cell highly developed
Con: high-T process, not flexible

Perovskite — Perovskite
Pro: low temperature, large area, high throughput
Con: narrow-gap cell potentially unstable (Sn-based)

Organic — Perovskite
Pro: low temperature, large area, high throughput, reduced Pb/Sn
Con: still low efficiency?



Efficiency estimates

% Ot

45%



Interconnect

DOI: 10.1007/978-3-319-05521-3 16

11/V*s

Requirements:

» |oss-free recombination of electrons from one sub-cell
with holes form the other sub-cell — addition of Voltage; high Fill Factor

« optically transparent

» protects the bottom cell against deposition of the subsequent cell



Dr. Selina Olthof

SnO, / MoO, Junction collwith

Tandem with only SnO,. / MoO, junction
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— strong s-shape, low FF voltage /v
— energetic barrier between SnO, and MoO, adds a diode-like non-linearity

Brinkmann et al. Nature 604, 280 (2022)



ALD-InQO, as interconnect coll. with

Dr. Selina Olthof
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— with 32 ALD cycles of InO, (1.5 nm) well behaved J/V characteristcs (no S-shape)
Brinkmann et al. Nature 604, 280 (2022)



ALD-InQO, as interconnect coll with

Dr. Selina Olthof
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Brinkmann et al. Nature 604, 280 (2022)
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Metals as interconnect

Joule 4, 1594 (2020) Nature Energy 4, 864-873 (2019)



opt. transmission
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Interconnect for all-perovskite tandems

Adv. Energy Mater. 2023, 13, 2202674



Sub-cell characterisation

FA( 83CS0.17PPosSNg 513

Sub-cell analysis (electroluminescence): pseudo-JVs from integrated sub-cells
match single juctions + add up perfectly to the tandem

Cs.05(FA0.60MA 40)0.95PP(l0.60Br0.40)3

* Halide segregation

— InO, interconnect almost lossless
Adv. Energy Mater. 2023, 13, 2202674



Perovskite based tandem cells

CIGS — Perovskite
Pro: CIGS established cell technology, stable
Con: Cd content, abundance of elements, high-T process

Silicon — Perovskite
Pro: high efficiency, Si cell highly developed
Con: high-T process, not flexible

Perovskite — Perovskite
Pro: low temperature, large area, high throughput
Con: narrow-gap cell potentially unstable (Sn-based)

Organic — Perovskite
Pro: low temperature, large area, high throughput, reduced Pb/Sn
Con: still low efficiency?



Wide-gap Perovskites — Mixed Halides

Nano Letters, 15, 5635 (2015)



Mixed-Halide Perovskites

ACS Energy Lett. 3, 204 (2018) Nat. Comms. 12, 6955 (2021)



Ve loss in wide-gap perovskite cells

literature

Rajagopal et al., Nano Lett. 2018, 18, 3985-3993



Effect of HTL on quasi fermi level splitting

coll. with SN
FAO.SCSO.ZPb(IO.SBrO.S)s Eg = 1.85 eV Dr. Martin Stolterfoht 5 Tl
.'«'P?:?m
CH; H
\ +/ -
CH;—N—H |
\
H
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Brinkmann et al. Nature 604, 280 (2022)
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Wide-gap perovskite cell coll. with " %, 0y

Dr. Martin Stolterfoht  ° Qz?m
L H,CO OCH,
1.5951 self-assembled
" HO-EEOH monolayer
n o}

Annealing temperature of ETL

Losses at interfaces more critical than in the bulk!



intensity / arb. units

3D/2D interface — electronic structure

coll. with
Dr. Selina Olthof
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Brinkmann et al. Nature 604, 280 (2022)



Wide-gap perovskite cell
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— high V. and high FF
— record for wide-gap PSCs with Br/l > 2/3 (E;, = 1.8 - 1.9 eV)

Brinkmann et al. Nature 604, 280 (2022)



Wide-gap Perovskite

Adv. Energy Mater. 2023, 13, 2202674



Wide-gap Perovskite

Nat. Comms. 13, 7454 (2022)



Wide-gap Perovskite

FA, 75CSg 2,Pb(Bry 5l 7)5+10%MAPDCI,

piperazinium iodide

J. Am. Chem. Soc. 2020, 142, 47, 20134-20142

Piperazinium iodide reduces recombination loss in 1.80 eV triple-halide perovskites
Nature Energy (under review)



Wide-gap Perovskite

Record high V. of 1.36 V for a 1.80 eV wide gap perovskite solar cell (AV,, = 0.44 V)

Nature Energy (under review)



Wide-gap Perovskite

V.. of 1.35V of a 1.725 eV wide gap perovskite solar cell (AV,. = 0.375 V)

Adv. Energy Mater. 2021, 11, 2003386



Perovskite based tandem cells

CIGS — Perovskite
Pro: CIGS established cell technology, stable
Con: Cd content, abundance of elements, high-T process

Silicon — Perovskite
Pro: high efficiency, Si cell highly developed
Con: high-T process, not flexible

Perovskite — Perovskite
Pro: low temperature, large area, high throughput
Con: narrow-gap cell potentially unstable (Sn-based)

Organic — Perovskite
Pro: low temperature, large area, high throughput, reduced Pb/Sn
Con: still low efficiency?



+ The main improvement: increased open-circuit voltage of PSC (1.68 eV)
(SAM Me-4PACz HTL, PEAI additive, and LiF interlayer)

- poor fill factor (FF = 71.2%; shunts) and short-circuit current density only 18.8 mA/cm?






Efficiency > 31% predicted from sub-cell analysis Science 370, 13001309 (2020)



Perovskite/Silicon

33.2%! KAUST Team Sets World Record for
Tandem Solar Cell Efficiency

APRIL 14, 2023 BY ALEINA IN TECHNOLOGY f v & @ in

PVTIME — Researchers at the King Abdullah University of Science and Technology (KAUST)
Photovoltaics Laboratory (KPV-Lab) of the KAUST Solar Center, a leading institute of
research excellence in the Kingdom of Saudi Arabia, claimed on 13 Apiril that it has produced
a perovskite-silicon tandem solar cell with a power conversion efficiency of 33.2%, which was
confirmed by the European Solar Test Installation (ESTI) as the top of the National

Renewable Energy Laboratory’s (NREL) Best Research-cell Efficiency List. Meyer Burger to
commercialize 29.6%-efficient
perovskite tandem solar cells

Meyer Burger is working with several research institutes in
Switzerland and Germany to integrate perovskite tandem
technology into its manufacturing processes.

DECEMBER 14, 2022 SANDRA ENKHARDT

HIGHLIGHTS MODULES & UPSTREAM MANUFACTURING TECHNOLOGY AND R&D GERMANY

SWITZERLAND



Multijunction Cells (2-terminal, monolithic)
LM = lattice matched

MM = metamorphic

IMM = inverted, metamorphic

V' Three-junction (concentrator)

¥ Three-junction (non-concentrator)

& Two-junction (concentrator)

A Two-junction (non-concentrator)

Bl Four-junction or more (concentrator)

O Four-junction or more (non-concentrator)

Single-Junction GaAs
A Single crystal

A Concentrator

V Thin-film crystal

Crystalline Si Cells

O Single crystal (concentrator)

B Single crystal (non-concentrator)
O Multicrystalline

® Silicon heterostructures (HIT)
V' Thinfilm crystal

Thin-Film Technologies

© CIGS (concentrator)

® CIGS

O CdTe

O Amorphous SiH (stabilized)

Emerging PV

O Dye-sensifized cells

O Perovskite cells

A Peroyskite/Si tandem (monolithic)

@ Organic cells

A Organic tandem cells

4 norganic cells (CZTSSe)

<> Quantum dot cells (various types)

O Perovskite/CIGS tandem (monolithic)



Adv. Mater. 2023, 35, 2207883



Carbon footprint

Tian et al. Science Adv. 6, 31, eabb0055 (2020)



Perovskite/Perovskite

Adv. Energy Mater. 2023, 13, 2202674



Perovskite/Perovskite

Nature Energy (under review)



Perovskite/Perovskite

Sub-cell analysis projects efficiency > 30%

Nature Energy (under review)



Narrow Bandgap Perovskite

Sargent, Tan et al. Nature 603, 73—78 (2022)

Narrow gap cell needs to be very thick ~ um
Problem: limited carrier diffusion length



Narrow Bandgap Perovskite

Sargent, Tan et al. Nature 603, 73—78 (2022)



Narrow Bandgap Perovskite

Sargent, Tan, et at. Nat. Energy 4, 864—-873 (2019)



J. Phys. Chem. C 2018, 122, 25, 13926-13936



Narrow Bandgap Perovskite

Nat. Comms, 12, 2853 (2021)

ASnI;+1, — Snl, + Al




Brinkmann et al. Nature 604, 280 (2022)



Organic solar cell — low voltage loss

Vo deficit of narrow-gap perovskite solar cells versus bandgap

Adv Funct Mater 2019 29, 1808801

E,=1.33eV
lossV__~0.5V Joule 2019 3, 1140
ocC °

high IQE approaching 100% EES 2020, 13, 635

— organic solar cells perform comparable to perovskite absorbers!



Our OSCs based on PM6:Y6 (+PC.,BM)
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Operational stability

absorption (rel.)

continuous MPP tracking in N2
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Brinkmann et al. Nature 604, 280 (2022)



Operational stability of the organic cell

e degradation linked to VIS illumination

* no degradation under NIR illumination 1'0!:::.—-_""\\.\,\_‘
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Operational stability of the organic cell

100 h illumination with white LED in N2 PMe6

LEDy;s — PM6
— PM6 100h
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— photo-degradation of PL-QY of donor polymer PM6

— Y6 acceptor mostly unaffected

Brinkmann et al. Nature 604, 280 (2022)
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Perovskite/organic tandem semi-empirical simulation

25.5% estimated

With organic E, = 1.33 eV, perovskite cell with min. E; = 1.85 eV required

Brinkmann et al. Nature 604, 280 (2022)



Perovskite/organic tandem
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Where do we go from here?

FF=85%;lossinV,.=04V

Need organic cell with lower gap (1.15 eV)
combined with 1.7-1.75 eV perovskite



Jiang et al., Science 378, 1295-1300 (2022)

E,=1.75eV

great MPP stability



MoLecuLAR PHysics, 1970, VoL, 18, No. 2, 145-164

The energy gap law for radiationless transitions in large
molecules

by ROBERT ENGLMAN

Theoretical Solid State Physics Group,
Soreq Nuclear Research Centre, Yavne, Israel

and JOSHUA JORTNER
Department of Chemistry, Tel-Aviv University, Tel-Aviv, Israel
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Rate for non-rad recombination W increases exponentially

as the energy gap 4E decreases
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Figure 2. Plot of In k, vs. E, for the MLCT excited states of the

series of complexes fac-[Re{bpyXCO),L](PF,) at 23 °C in methylene
chloride solution.

The Journal of Physical Chemistry, 87, 6 (1983)



Nat. Rev. Mater. (in preparation)



E,=1.2eV

Nature Communications 14, 1236 (2023)
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