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Motivation – why tandem cells ?
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Prog. Photovolt.19, 286 (2011)

Tandem Cells

Carnot Boltzmann











Tunneljunction

Middle cell
GaAs 1.3-1.4 eV

Lower cell
Ge 0.67 eV

Upper cell
GaInP 1.7-1.9 eV

Tunneljunction



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?

Solar Energy 207, 270 (2020)



Efficiency estimates

Solar Energy 207, 270 (2020)

45%



Interconnect

Requirements:

• loss-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

DOI: 10.1007/978-3-319-05521-3_16III/V‘s



SnOx / MoOx Junction
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Tandem with only SnOx / MoOx junction

→strong s-shape, low FF
→energetic barrier between SnOx and MoOx adds a diode-like non-linearity

coll. with
Dr. Selina Olthof

Brinkmann et al. Nature 604, 280 (2022)



ALD-InOx as interconnect
Tandem with SnOx /ALD-InOx /MoOx

→with 32 ALD cycles of InOx (1.5 nm) well behaved J/V characteristcs (no S-shape)

coll. with
Dr. Selina Olthof

HAADF

Brinkmann et al. Nature 604, 280 (2022)



ALD-InOx as interconnect
electrical properties UV photoelectron

spectroscopy

carrier density > 1020 cm-3 metal-like behaviour

coll. with
Dr. Selina Olthof

Brinkmann et al. Nature 604, 280 (2022)



Metals as interconnect

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



ALD-InOx vs. thin metal

with InOx: gain of 1.5 mA/cm2 in the organic sub cell



Interconnect for all-perovskite tandems

Adv. Energy Mater. 2023, 13, 2202674

Cs0.05(FA0.60MA0.40)0.95Pb(I0.60Br0.40)3



Sub-cell characterisation

Adv. Energy Mater. 2023, 13, 2202674
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Pro: CIGS established cell technology, stable
Con: Cd content, abundance of elements, high-T process
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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?
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Wide-gap Perovskites – Mixed Halides

Nano Letters, 15, 5635 (2015)



Mixed-Halide Perovskites

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



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

VOC loss  in wide-gap perovskite cells



coll. with
Dr. Martin StolterfohtFA0.8Cs0.2Pb(I0.5Br0.5)3 Eg = 1.85 eV

GIWAXS by L. Merten, U Tuebingen

Effect of HTL on quasi fermi level splitting

Brinkmann et al. Nature 604, 280 (2022)



Wide-gap perovskite cell
CH3

CH3CH3
N

n

N

P OHOH
O

OCH3H3CO

self-assembled
monolayer

coll. with
Dr. Martin Stolterfoht

Losses at interfaces more critical than in the bulk!

Annealing temperature of ETL 



3D/2D interface – electronic structure
coll. with

Dr. Selina Olthof

Brinkmann et al. Nature 604, 280 (2022)



Wide-gap perovskite cell

→ high Voc and high FF

→ record for wide-gap PSCs with Br/I > 2/3 (Eg = 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

Nature Energy (under review)

FA0.78Cs0.22Pb(Br0.3I0.7)3+10%MAPbCl3

piperazinium iodide

Piperazinium iodide reduces recombination loss in 1.80 eV triple-halide perovskites

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



Wide-gap Perovskite

Nature Energy (under review)

Record high Voc of 1.36 V for a 1.80 eV wide gap perovskite solar cell (∆Voc = 0.44 V)

FA0.78Cs0.22Pb(Br0.3I0.7)3+10%MAPbCl3



Wide-gap Perovskite

Adv. Energy Mater. 2021, 11, 2003386

Voc of 1.35 V of a 1.725 eV wide gap perovskite solar cell (∆Voc = 0.375 V)



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
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Solar Energy 207, 270 (2020)



Wuppertal Center for
Smart Materials & Systems

Eg = 1.1 eV

Eg = 1.68 eV
Recombination layer: CdS and i-ZnO

+ 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/cm2

simulation



Wuppertal Center for
Smart Materials & Systems

Science 370, 1300–1309 (2020)Perovskite used (Eg 1.68 eV): Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Br0.23)3



Wuppertal Center for
Smart Materials & Systems

Science 370, 1300–1309 (2020)Efficiency > 31% predicted from sub-cell analysis



Perovskite/Silicon





Adv. Mater. 2023, 35, 2207883



Carbon footprint

Solar Energy 207, 270 (2020)

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



Perovskite/Perovskite

Adv. Energy Mater. 2023, 13, 2202674

Cs0.05(FA0.60MA0.40)0.95Pb(I0.60Br0.40)3



Perovskite/Perovskite

Nature Energy (under review)



Perovskite/Perovskite

Nature Energy (under review)

Sub-cell analysis projects efficiency > 30% 



Narrow Bandgap Perovskite

Narrow gap cell needs to be very thick ∼ µm
Problem: limited carrier diffusion length

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



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) 



Brinkmann et al. Nature 604, 280 (2022)



Organic solar cell – low voltage loss

VOC deficit of narrow-gap perovskite solar cells versus bandgap

Eg = 1.33 eV 
loss Voc ≈ 0.5 V
high IQE approaching 100%

Joule 2019 3, 1140
EES 2020, 13, 635

Adv Funct Mater 2019 29, 1808801

→ organic solar cells perform comparable to perovskite absorbers!



Our OSCs based on PM6:Y6 (+PC60BM)

adding some fullerene PC60BM (20%) boosts efficiency to 17.5% mainly due to increased Jsc

0.0 0.5 1.0

-25

-20

-15

-10

-5

0

5

10
 

cu
rre

nt
 d

en
si

ty
 / 

m
A/

cm
²

voltage / V

 binary
 ternary

PCE 
(%)

FF 
(%)

Voc
(V)

Jsc
(mA/cm²)

16.5 75 0.85 25.8

17.5 75 0.87 26.7

PM6:Y6 (1:1.2) in CHCl3
+0.5% Cl-naphthalene



Operational stability
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Brinkmann et al. Nature 604, 280 (2022)



Operational stability of the organic cell
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T95 > 5000 h• degradation linked to VIS illumination

• no degradation under NIR illumination

→beneficial for tandems

perovskite cell acts as low-pass filter

Brinkmann et al. Nature 604, 280 (2022)



PM6 Y6

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
0

2x1014

4x1014

ph
ot

on
 fl

ux
 [p

h 
cm

-2
eV

-1
s-1

]

Energy [eV]

 PM6
 PM6 100h

1 1.1 1.2 1.3 1.4 1.5 1.6
0

1x1015

2x1015

3x1015

ph
ot

on
 fl

ux
 [a

.u
.]

Energy [eV]

 Y6
 Y6 100h

L. Perdigón Toro and M. Stolterfoht, U Potsdam

100 h illumination with white LED in N2 

PM6 Y6

LE
D

 in
te

ns
ity

 (r
el

.)

400 600 800 1000

LEDVIS

wavelength / nm

ab
so

rp
tio

n 
(re

l.)

→ photo-degradation of PL-QY of donor polymer PM6

→ Y6 acceptor mostly unaffected

Operational stability of the organic cell

Brinkmann et al. Nature 604, 280 (2022)



Perovskite/organic tandem semi-empirical simulation

With organic Eg = 1.33 eV, perovskite cell with min. Eg ≈ 1.85 eV required

25.5% estimated

Brinkmann et al. Nature 604, 280 (2022)



Perovskite/organic tandem
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→ new world record for organic/perovskite tandem

→ highest efficiency with participation of an organic cell
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Stability of the tandem

Stability of the tandem limited by the wide-gap perovskite cell
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Where do we go from here?

FF = 85%; loss in Voc = 0.4 V

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)

Eg = 1.75 eV 

great MPP stability



Rate for non-rad recombination W increases exponentially
as the energy gap ∆E decreases The Journal of Physical Chemistry, 87, 6 (1983) 



Nat. Rev. Mater. (in preparation)



Nature Communications 14, 1236 (2023)

Eg = 1.2 eV
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