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▪ Tandemsolarzellen
 Warum braucht man die?

▪ Perowskite
  Warum so erfolgreich?

▪ Skalierung
  Wie geht das?



Silicon Solar Cell Technologies: From R&D to Commercialization

4adapted from „ISE photovoltaics report 2022“, www.ise.fraunhofer.de



Principle of a Tandem Solar Cell
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• high loss from 
thermalization 

• high energy photons are 
absorbed by perovskite 

• converted at a high voltage 

• reduced losses from 
thermalization

• infrared photons are 
transmitted into c-Si 

cover a wide spectral range of 
absorption



Metal-Halide Perovskites

Snaith et al., Energy Environ. Sci., 2014, 7, 982

MA+, FA+, Cs+

Pb2+, Sn2+

Br-, I-, Cl- (halide)

➢ Variable bandgap (lattice constant) by halide substitution
e.g. „Triple Cation“: Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Br0.23)3 (Eg=1.68eV)

➢ Simple Processing @ Low cost

➢ Sensitivity to temperature, moisture, light, …



Tandem Device Concepts
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4-Terminal (or: 2-Terminal Voltage matched modules)

▪ Dedicated fabrication Lines

▪ Ideal MPP tracking (matching)

▪ More contacts needed (TCO)

▪ (more system components, BOS)P=P1+P2

image: https://www.evolarab.se/technology

2 Terminal, monolitic cell (or 3-Terminal on IBC)

▪ Simple electrical connection

▪ Less material + wires than 4T

▪ Restrictions in Processing of top cell

▪ Good optical management needed
P=I(U1+U2)

Image: courtesy Klaus Jäger (HZB)

SQ Limits



8

0

5

10

15

20

25

30

35

40

Si Si

P.

Si

P.

P.

P.

P.

P.P.

C
O

2
 F

o
o

tp
ri

n
t 

[g
C

O
2
e
/k

W
h

] 

a
t 
a
n
 a

s
s
u
m

e
d
 l
if
e
ti
m

e
 o

f 
3
0
 y

e
a
rs

P
C

E
 [%

]

Thermodynamics based process 
simulations: Bartie et al., 
Resources, Conservation and 
Recycling, 2021 Bartie et al., J. 
Ind. Ecol. 2023

Multijunctions to reduce CO2 footprint



Silicon Solar Cell Technologies: From R&D to Commercialization
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Perovskite/Silicon

adapted from „ISE photovoltaics report 2022“, www.ise.fraunhofer.de

Longi (34,6%)

KAUST
HZB

EPFL/CSEM

III-V/Silicon



Tandem cell development @ HZB

10Mariotti, Köhnen, Scheler et al., Science 381 (2023) 

Perovskite top cells on various silicon topographies

Standard random pyramidsPeriodic sinusoidal Periodic inverted pyramids Random sub-µm pyramids

1.3 µm 0.7 µm >2 µm0.4 µm

Pero

Pero Pero

Advanced Passivation, Electron & Hole-

transport layers (ETL, HTL) lead to Voc = 2 V 

World Record of 32.5%



Ag grid

i/n nc-Si:H

TCO

Perovskite

HTL

ETL / buffer

i/p a-Si:H

TCO

Ag grid

Lab cell
Industrial cell

n-type FZ-Si 250 µm

Which Process?

Upscaling:  How from Lab to Fab?

Low-damage & low-T 
front electrode

Texture !?
Cz-Si 

<160 µm



Upscaling of Monolithic Perovskite/Silicon Tandem Cells

Adapted from  E. Aydin et al., Science 383 2024, https://doi.org/10.1126/science.adh3849

HZB

HZB/Qcells

Longi (34.6%)

Longi (30.1%)

Jinko (33.2%)

Oxford PV

Perovskite/SHJ
Perovskite/TopCon



First commercial tandem modules …

https://de.oxfordpv.com/news/oxford-pv-startet-kommerziellen-vertrieb-von-perowskit-tandem-
solarmodulen-mit-20-mehr

https://www.pv-magazine.de/2024/06/20/oxford-pv-praesentiert-
tandemmodul-mit-269-prozent-wirkungsgrad/



China follows …

https://www.pv-magazine.com/2024/06/20/gcl-says-perovskite-
solar-module-passes-silicon-degradation-tests/



China‘s perovskite single junction modules

https://www.pvtime.org/1gw-perovskite-
microquantas-module-manufacturing-
project-approved-in-china/

https://www.pv-magazine.com/2024/06/13/commercial-perovskite-
solar-modules-at-snec-2024-trade-show/

https://www.pv-magazine.com/2023/12/04/china-three-
gorges-commissions-1-mw-pilot-pv-plant-with-perovskite-
panels/



Process Routes for Upscaling

Lab: Spin Coating

(3)  Hybrid Process

(2)  Vapor-phase deposition (Co-)evaporation in vacuum

(1)  Solution process, e.g. Slot-Die Coating

CsBr +

FAI,FABr, …

T. J. Jacobsson et al. E. Unger, An open-access database and analysis tool for perovskite solar cells based on the FAIR data principles, Nature Energy 2022 



Process Routes for Upscaling

(1)  Solution process, e.g. Slot-Die Coating

Lab: Spin Coating

Challenges
• Wafer topography & edges
• Uniform layer conversion
• Solvent handling

Advantages
• Low Capex
• Easy to modify ink, 

e.g. additives



Process Routes for Upscaling

Lab: Spin Coating

(2)  Vapor-phase deposition (Co-)evaporation in vacuum

(1)  Solution process, e.g. Slot-Die Coating

Challenges
• High Capex / Low throughput (evap. rate)
• Not flexible in choice of materials
• Poor process stability

Advantages
• Large scale production
• Conformal growth
• No solvents



Process Routes for Upscaling

(3)  Hybrid Process

(2)  Vapor-phase deposition (Co-)evaporation in vacuum

(1)  Solution process, e.g. Slot-Die Coating

CsBr +

FAI,FABr, … Combining 
Advantages 

or 
Challenges

?

Lab: Spin Coating
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Laser cutting 
&  labelling

Wet Bench 
SDE-Tex-

Clean

Wet Bench Clean 
+Anneal + SAM

PECVD 
a-Si 

i/n i/p

Sputter TCO  
rear +front

Screen Printing 
Metal grid 
front, rear

Lab Modules

PL
EL/P

L

IV + grid Rs + 
TLM

EQE

Slot Die 
Pero

QSSPC

Wet Bench HF, 
rinse, dry

Indoor & 
Outdoor Testing

KOALA Cluster Von Ardenne-CreaPhys

Indeotec Octopus II LeyboldOptics A600V7 ASYS-EKRA

WaveLabs Sinus220/300

Arias Wet Benches

KOALA Cluster

PERO 
vap

ALD Sputter
OPTI
vap

Laser (Keyence)
Laminator

Batches of up to 
12 wafers M6

Arias Wet Bench

Industrial Bottom Cells



Perovskite Cluster Tool („KOALA“)
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In-line Sputtering

Contact Layer Evaporation (OptiVap)

ALD

Perovskite Evaporation (PeroVap)

Thermal Treatment

Load Lock



Full-vacuum processed Perovskite @HZB
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Viktor Škorjanc et al., TandemPV 2023

Wide band gap: 1.67 eV

Cs0.20FA0.89PbI2.76Br0.32

Tandem PCE = 28 % (1 cm², flat Si)Co-evaporation
Conformal coating on textured Silicon possible

Marcel Roß et al., Adv. Energy Mater. 2021

Upscaling to full wafer in PVD Cluster KOALA
Advantages

• No wet processes (no solvents)

• Conformal deposition on texture

• Proven in industrial production

Challenges

• Homogeneous perovskite over full wafer

• Reproducible quality (process control)

• Low rates for organics: Low throughput. high CAPEX



Thank you!   …Questions?
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