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Exemplary: High Efficiency Perovskite/Silicon Tandem PV

| | I I 1
— solar spectrum conduction band
= 1.5
-
N
-
Perovskite top cell <10
E,=1.6-18eV o
O
-
O
- 0.5
4y}
L
LS
- Top
solar cell solar cell
Source: Own work. 0 " 0

400 600 800 1000 1200
Wavelen gth (n m ) Source: Own work,

Tandem PV reduces intrinsic thermalization losses, thereby enabling much
higher power conversion efficiencies (thermodynamic limit > 40%).

p— : elmholtz = f_\
= ISFH G2 HzB:u. ZFraunhofer IT NR—

ISE Karkd Renewable Energy Research Association



FVEE - Jahrestagung 2026: Lésungen aus der Forschung fur ein wirtschaftliches und resilientes Energiesystem

Exemplary: High Efficiency Perovskite/Silicon Tandem PV
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Tandem PV reduces intrinsic thermalization losses, thereby enabling much
higher power conversion efficiencies (thermodynamic limit > 40%).
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Perovskite/Si and other Tandem PV on the rise ...
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Perovskite/SI Tandem PV Research @KIT

Interfacial design strategies for stable and high-performance te"s ﬂ(“.
perovskite/silicon tandem solar cells on industrial silicon cells
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Replacing Cg, In Perovskite/Si Tandem Solar Cells HZRB /ot

entrum Berlin
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Versatile routes for scalable fabrication
of perovskite thin films

Developing Scalable, Reliable, and High Throughput Fabrication
Methods Side by Side with German and European PV Industry.

Solvent-free Solution-based
Processes Processes

Source: Own image . Source: Adapted from [12].
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Strategies to achieve high throughput *|&&% HzB .. KT

Karlsruher Institut fir Technologie

VON ARDENNE =

How to scale up vapor phase deposition processes

from the laboratory to > 10.000 wafers/n?

« Co-deposition: Csl/ /
* Rate-limiting: = 60 sources
« Total: 180 sources

« Sequential deposition:
 Total: 2*7 + = 74 sources

Sequential deposition : Co-deposition
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Deposition rates of FAI too low for conventional vapor phase deposition!

[5] J. Petry et al., EES Solar 1, 404, (2025), DOI: 10.1039/D5ELOO069F
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Strategies to achieve high throughput

Vapour phase deposition for all transport layers?

* Fully solvent-free processing of Pk solar cells?

* Evaporated SAM based HTLs — material degradation!

* Adjusted parameters — similar results as solution processing HiC—~o
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Source: Own image.
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Source: Own image.
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Source: Own image.

[6] J. Vollbrecht et al., Solar RRL 9(17), 2500429, (2025), DOI: 10.1002/s0lr.202500429
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Strategies to achieve high throughput '”’ — ISFH

Vapour phase deposition for all transport layers?
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Adjusted parameters — data-driven model-predictive control

More efficient and reproducible vapour phase deposition
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Hybrld -PVD + Gas Phase Transport Deposition (VTD)

— ISFH

Advantages: solvent-free, conformal deposition of batch-processable perovskites

« High throughput potential: 18.6% efficient, fully solvent-free perovskite single-junction cells!®]
« Halide exchange: observed for Br-containing perovskite scaffolds

« Sequential VTD: e.g. FAl — FABr; patent application filed!®]
* Industrialization: initiated within new project HOPP (BMWE)
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Versatile routes for scalable fabrication
of perovskite thin films

Developing Scalable, Reliable, and High Throughput Fabrication
Methods Side by Side with German and European PV Industry.

Solution-based
Processes

Solvent-free
Processes

Source: Adapted from [12].
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Perovskite-Silicon Tandem Solar Cells
. . . . N ~ Fraunhofer
Hybrid Route Processing for Perovskite on Industrial Textured Silicon ISE
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[10] P. Schulze et al., Thin Solid Films, 704, 137970, (2020) DOI: 10.1016/j.tsf.2020.137970
[10b] Oussama Er-raji, Dissertation, March 2025 University of Freiburg
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Industry Compatibility

—
New Methods, Upscaling and Throughput A FraunhofcleSI;
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| | VON ARDENNE =
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VON ARDENNE =

Overview Pero-Si-SCALE Labs
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Source: Adapted from [11].
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Solution-Processed Perovskite Thin Film PV ﬂ(".

Key Challenge: Several Entangled Processes Define the Perovskite Thin Film Photovoltaics.

wet film
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Source: Adapted from [12].

[12] I. A. Howard et al., Adv. Mater. 31(26), 1806702 (2019), DOI:10.1002/adma.201806702
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Inkjet-Printed Perovskite/Si Tandem Solar Cells

High performance tandems on industrial
textures Si bottom solar cells
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[13] R. Pesch et al., under review (2026).

[14] R. Pesch et al., Small Science, 5(11) 2500362 (2025).

[15] R. Pesch et al. Solar RRL, 2400165 (2024).

[16] F. Schackmar et al. Advanced Materials Technologies 6(2), 2000271 (2021).
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Perovskites processed solely by slot die coating —all £ sw
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Triple Junction All-Perovskite Solar Cells With SAMs in All Subcells
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[20] Y. Yun et al. Joule (2026), DOI: 10.1016/.joule.2026.102575

— ISFH

\

Helmholtz — F h f ﬂ(IT f_\
. ‘ ’ e ForschungsVerbund
ﬁ HZB Zentrum Berlin % ra u n r A Erneuerbare Energien
|s E Karlsruher Institut fir Technologie Renewable Energy Research Association



FVEE — Jahrestagung 2026: L6sungen aus der Forschung fur ein wirtschaftliches und resilientes Energiesystem

Perovskites on the rise: Several Start-Ups have been

Development perovskite—silicon

tandem modules, with emphasis

on material efficiency, scalability
and lifetime. 2025

4\
L\

Perovskia

Digitally printed, customizable
perovskite solar cells, 10T,
wearables and indoor energy
harvesting. 2021

Perovion

Commercializing lightweight
flexible perovskite PV using roll-
to-roll production. 2026

POWER
) . ROLL

Ultra-lightweight flexible solar
film based on proprietary
microgroove architecture and
low-cost roll-to-roll
manufacturing. 2012

founded Iin recent years

% SunXT

@ PERDSOL

Printable perovskite PV and thin-
film optoelectronics, targeting
scalable, sustainable
manufacturing. 2025

Development of bifacial 4-
terminal perovskite—silicon
tandem modules and an
industrial pilot line. 2025

£ dyenamo

% WWB

Advanced luminescence
characterization equipment for
perovskite, tandem and other
optoelectronic devices. 2021

Specialty-chemicals company for
perovskite materials, transport
materials, passivation chemicals
and scale-up synthesis. 2009
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Meta-study: Literature rewiew on costs for thin-film module

production — at same level as Si for all technologies £ .SW
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Cost model shows strong dependency on yield, PCE and

life. Costs in Chinese study well below ours. £ .sW
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Perovskite Module costs: As well for flexible as for rigid substrates,

substrate material and encupsulation are the cost drivers. @ . gy
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Thank you very much for your attention!

Thanks to all contributors!
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