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Overview - tandem efficiencies
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Background — Perovskite stability
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A benchmark reliability test for tandems?

* How to measure and compare stability like we do efficiency?
 What should be the benchmark test?
e “Consensus statement on stability and reliability testing of perovskite-silicon tandems”

* ‘LeTID’ test — 1 Sun, 85°C, Ty, rigorous reporting

Daniel Tunel, lvona Kafedjiska?, Erkan Aydin3, Delfina Munoz?*, Mark Khenkin?, Ulrich Paetzold>®, Quentin Jeangros’, Solenn Berson#, Carolin
Ulbrich?, Kaining Ding®, lvan Gordon®'%'1 Juliane Borchert'?1314, Stefan Glunz'?, Michael Saliba'®>, Bahram Abdollahi Nejand Asl'®, Stephan
Abermann?’, Urs Aeberhard!8, Tom Aernouts>1220, Steve Albrecht?, Thomas G. Allen?!, Antonio Cabas Vidani'8, Pietro Caprioglio??, Chris Case?3, Bin
Chen?4, Gianluca Coletti?>, Stephane Cros?*, Ed Crossland?3, Stefaan De Wolf2¢, Aldo Di Carlo?’-28, Barrit Dounya?®, Ewan Dunlop3°, Giles Eperon3?,
Sascha Esefelder3?, Lingyi Fang3334, Fabian Fertig??, Fan Fu3®, Gorkem Gunbas3%37, Andreas Halm?, Charlie Hasselbrink32, Jens Hauch3?, Bo He*",
Martin Hermle!2, Anita Ho-Baillie*142, Yi Hou*344, Jinsong Huang*®, Marko Jost*®, Eugene Katz*’, Hans Kobler??, Marcel Konig!®, Lars Korte?, Anurag
Krishna?, Joel Li*8, Nengxu Li*344, Monica Lira Cantu®?, Jiang Liu*°, Adam Lorenz®!, Andrei Los>?, Mike McGeehee®3, Blagovest Mihaylov3°, Harald
Muellejans3?, Peter Pasmans>*, Robby Peibst>>°°, Ralf Preu'?, Hari Radhakrishnan®, Klaus Ramspeck®’, Stefan Roest>*, Nick Rolston°8, Edward
Sargent?4, Rutger Schlatmann?>?, Joel Smith?2, Bernd Stannowski2, Martin Stolterfoht®°, Hairen Tan®!, Marko Topic?®, Kristofer Tvingstedt??, Azhar
Fakhar Uddin22, Esma Ugur®293, Christian Wolff®4, Selcuk Yerci366>, Eugenia Zugasti®®
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A benchmark reliability test for tandems?

1 International Solar Energy Research Center (ISC) Konstanz, Germany

2 Helmholtz-Zentrum Berlin, Division Solar Energy, Berlin, Germany

3 Department of Chemistry, Ludwig-Maximilians-Universitdt Miinchen (LMU), Germany

4 Univ. Grenoble Alpes, CEA, Liten, Campus Ines, Le Bourget du Lac, France

5 Institute of Microstructure Technology, Karlsruhe Institute of Technology, Eggenstein-Leopoldshafen, Germany

6 Light Technology Institute, Karlsruhe Institute of Technology, Karlsruhe, Germany

7 Centre Suisse d'Electronique et de Microtechnique, Switzerland

8 Forschungszentrum Jilich GmbH, Germany

9 Imec, imo-imomec, Thor Park 8320, Genk, Belgium

10 Hasselt University, imo-imomec, Hasselt, Belgium

11 EnergyVille, imo-imomec, Thor Park 8320, Belgium

12 Fraunhofer Institute for Solar Energy Systems ISE, Freiburg, Germany

13 Department of Sustainable Systems Engineering (INATECH), University of Freiburg, Freiburg, Germany

14 Cluster of Excellence livMatS @ FIT — Freiburg Center for Interactive Materials and Bioinspired Technologies, University of
Freiburg, Freiburg, Germany

15 Institute for Photovoltaics (IPV), University of Stuttgart, Germany

16 Meyer Burger (Germany) AG, Hohenstein-Ernstthal, Germany

17 AlT-Austrian Institute of Technology, Austria

18 Fluxim, Switzerland

19 Hasselt University, imo-imomec, Hasselt, Belgium

20 EnergyVille, imo-imomec, Thor Park 8320, Genk, Belgium

21 Physical Sciences and Engineering Division (PSE), King Abdullah University of Science and Technology (KAUST), Thuwal, Kingdom
of Saudi Arabia

22 Hanwha Q CELLS GmbH, Germany

23 Oxford PV

24 Department of Chemistry, Northwestern University, Evanston, IL, USA

25 School of Photovoltaic and Renewable Energy Engineering, University of New South Wales, Sydney, NSW, Australia

26 Center for Renewable Energy and Storage Technologies (CREST), Physical Sciences and Engineering Division (PSE), King Abdullah
University of Science and Technology (KAUST), Thuwal, Saudi Arabia

27 CNR-ISM, Istituto di Struttura della Materia, Consiglio Nazionale delle Ricerche, Rome (Italy)

28 CHOSE - Center for Hybrid and Organic Solar Energy, University of Rome Tor Vergata, Rome (ltaly)

29 TotalEnergies OneTech, Palaiseau France

30 European Commission, Joint Research Centre, Ispra, Italy

31 Swift Solar Inc., San Carlos, CA, USA

32 WAVELABS Solar Metrology Systems GmbH, Germany

33 Institute of Microstructure Technology (IMT), Karlsruhe Institute of Technology (KIT), Eggenstein-Leopoldshafen, Germany
34 Light Technology Institute (LTI), Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany

35 Empa — Swiss Federal Laboratories for Materials Science and Technology, Laboratory of Thin Films and Photovoltaics, Diibendorf,
Switzerland

10.12.2025

36 ODTU GUNAM, Ankara, Tiirkiye

37 Department of Chemistry, Middle East Technical University, Ankara, Turkiye

38 Caelux, Baldwin Park, CA, USA

39 Helmholtz Institute Erlangen-Nuremberg (HI ERN), Erlangen, Germany

40 LONGIi Green Energy Technology Co., Ltd., China

41 School of Physics, The University of Sydney, Sydney, NSW, Australia

42 Sydney Nano, The University of Sydney, Sydney, NSW, Australia

43 Department of Chemical and Biomolecular Engineering, National University of Singapore, Singapore

44 Solar Energy Research Institute of Singapore, National University of Singapore, Singapore

45 Department of Applied Physical Sciences, University of North Carolina at Chapel Hill, Chapel Hill, NC, United States

46 University of Ljubljana, Faculty of Electrical Engineering, Ljubljana, Slovenia

47 Swiss Institute for Dryland Environmental and Energy Research, Jacob Blaustein Institutes for Desert Research, Ben-Gurion
University of the Negev, Sede Boker Campus, Israel

48 Cosmos Innovation, Singapore

49 Catalan Institute of Nanoscience and Nanotechnology (ICN2), Campus UAB Edifici ICN2, Bellaterra (Barcelona), Spain

50 College of Energy, Soochow Institute for Energy and Materials Innovations, Soochow University, Suzhou, China

51 CubicPV Inc.

52 First Solar, Inc., Perrysburg, OH, USA

53 Chemical and Biological Engineering, Materials Science and Engineering, Renewable and Sustainable Energy Institute, University
of Colorado Boulder, USA

54 Eternal Sun, The Netherlands

55 Institute for Solar Energy Research Hamelin (ISFH), Emmerthal, Germany

56 Institute of Electronic Materials and Devices, Leibniz University Hannover, Hannover, Germany

57 HALM Elektronik GmbH, Germany

58 School of Electrical, Computer & Energy Engineering, Graduate Faculty, Materials Science & Engineering, Chemical Engineering,
Arizona State University, USA

59 HTW Berlin, Germany

60 Electronic Engineering Department, The Chinese University of Hong Kong, Hong Kong, SAR China

61 National Laboratory of Solid State Microstructures, College of Engineering and Applied Sciences, Nanjing University, Nanjing,
China

62 Center for Renewable Energy and Storage Technologies (CREST), Physical Sciences and Engineering Division (PSE), King Abdullah
University of Science and Technology (KAUST), Thuwal, Saudi Arabia

63 Department of Chemistry, Ludwig-Maximilians-University, Munich, Germany

64 STI-IEM PV-LAB, Ecole Polytechnique Fédérale de Lausanne, Neuchatel, Switzerland

65 Department of Electrical-Electronics Engineering, Middle East Technical University, Ankara, Turkiye

66 Department of Solar Energy Technology and Storage, National Renewable Energy Center (CENER), Sarriguren, Navarra, Spain
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Outdoor testing at PACT

“Years to fall to 80% of original
efficiency for 3 consecutive days”

@ 10.12.2025

multi-junction

updated 2025-09-25
includes packaged modules submitted to PACT

™~ NREL site, seasonal tilt, 1-10 cm?

Sandia site, 2-axis tracking,
10 cm? - 1 m? (ongoing test)

modules for details, see https://pvpact.sandia.gov/results-and-data/
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Outdoor testing results of SJ perovskite modules

Overall Performance

* Perovskites perform

worse in colder months 174¢
16 11°
with low daily irradiance 15{ K% . Jun2024
14 ‘o e Jul2024
ope . 13- o 43 e Aug 2024
* Compare silicon which 124" * Sep2024
g1 33
performs better in cold 10 . Dec 2024
o 97 «  Jan 2025
. 81 *  Feb 2025
* Opposite temperature 7 Mar 2025
6 - Apr 2025
coefficients Z May 2025
3_
* Bad for e.g., Germany 2

Q0 900 200 J 0 A0 (OO 00 8 A 04
Irradiance (W/m?)

BEcS
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Tandem terminal configurations

2-terminal (2T) tandems 3-terminal (3T) tandems 4-terminal (4T) tandems

Vv
I 1
Vi TOP Tor

IBOTTOEW

IBOTTOM

v

perovskite - silicon (HJT or TOPCon) perovskite - silicon (XBC back contact) perovskite - silicon (XBC back contact)
perovskite — perovskite perovskite — perovskite / perovskite — other
Itop = Ibottom Itop # Ibottom Itop # Ibc:;ttom

V1 = Vtop + Vbottom Vtop =nx Vbottom Vtop # Vbottom

v Highest STC efficiency v High annual yield v Highest annual yield

v Pero-Si drop-in replacement for silicon v Excellent bifaciality v Excellent bifaciality

v Pero-pero lowest cost v Similar manufacture to silicon modules v Pero-glass drop-in replacement for glass

X Current-mismatch = lower annual yield % String end losses depending on layout X Higher costs if power electronics used

@ 10.12.2025 xBC for Tandems - Daniel Tune - BCWorkshop 2025 - Amsterdam

10



Tandem terminal configurations

2-terminal (2T) tandems

I 0P

IBOTTOM

perovskite - silicon (HJT or TOPCon)

( 3-terminal (3T) tandems \ (" 4-terminal (4T) tandems )

%
I Tor !

IBOTTO[W

v

perovskite - silicon (XBC back contact) perovskite - silicon (XBC back contact)

im:)

perovskite — perovskite

Ny

Itop = Ibottom
V1 = Vtop + Vbottom

v Highest STC efficiency
v Pero-Si drop-in replacement for silicon
v’ Pero-pero lowest cost
X Current-mismatch = lower annual yield

\S =/

perovskite — perovskite / perovskite - other

P——

Itop # Ibottom Itop # Ibc:;ttom
Vtop =nXx Vbottom Vtop # Vbottom
v High annual yield v Highest annual yield
v Excellent bifaciality v Excellent bifaciality
v Similar manufacture to silicon modules v Pero-glass drop-in replacement for glass
% String end losses depending on layout X Higher costs if power electronics used

@ 10.12.2025 xBC for Tandems - Daniel Tune - BCWorkshop 2025 - Amsterdam
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Current mismatch vs. terminal configuration

| Terminal
e Simulation module using 3T Zebra IBC cells s N o
-5 : —3 3T-r
* Fully reconfigurable into 2T/3T/4T T -10- | :ﬂ's
* Silicon only - no perovskite involved! £
20 :
- Temp. higher E Temp. lower
I;ed-shift : Blue-shif't
-30 ;
0__ _____ : _________________;;__
= 3]
< -10
154 Daili/ §pgctral
v¢rlat|on

1 1 1 "~ T1 " "~ T1 "~ T~ T 1 1 -1 17 17 "~ 1T ™ 17
05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20
Current mismatch (Pero rel. to Si)
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Industrial stringing of 3T cells

3T module in 2:1 voltage-matched r-type strings

20 e

;\3 .

~ 15

8 7 stype

2 104 yp

- 1

S 54

1 r-type
0I'I'I'I'I'I

10 20 30 40 50 60
String length

Longer strings = less losses

McMahon et al. (2021) IEEE J. Photovoltaics
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Industrial stringing of 3T cells

r-type s-type
(top/r/nulBC) (top/s/nblBC)

String view
(rear) -

Industrial ribbon/wire stringing of r-type 3T strings is achieved Industrial ribbon/wire stringing of s-type 3T strings instead
by extending the existing bottom cell rear(+) busbar to rear(-) requires the implementation of a floating third ‘busbar’ (shown
busbar connector over to the front side of the top cell that is here in yellow) that is isolated from the rest of the bottom cell

next in the string

@ 10.12.2025 xBC for Tandems - Daniel Tune - BCWorkshop 2025 - Amsterdam 14




3T string end losses in the module

Voltage ~ 130V

@ 10.12.2025

Classical long string
approach

Cells

108 x M10 half-cell
(182 mm x 91 mm)

End losses

r-type: 1/108 = 0.93%,,,
s-type: 2/108 = 1.85%,
Circuits per cell gap
r-type: 2

s-type: 3

Voltage ~ 20V

xBC for Tandems - Daniel Tune - BCWorkshop 2025 - Amsterdam

All parallel strings
approach

Cells
108 x M10 half-cell
(182 cm x 91 cm)

End losses

r-type: 1/18 = 5.55%
s-type: 2/18 =11.1%,,,

Circuits per cell gap
r-type: 2
s-type: 3

15



3T string end losses in the module

Classical shingling approach Matrix shingling approach
Cells End losses Cells End losses
378 x M10 1/7t shingles r-type: 1/378 = 0.26%,,, 378 x M10 1/7" shingles r-type: 1/63 = 1.59%,,,.
(182 mm x 26 mm) s-type: 2/378 =0.52%,,, (182 mm x 26 mm) s-type: 2/63 = 3.18%,,,
Voltage ~ 450V Voltage ~ 75V

@ 10.12.2025 xBC for Tandems - Daniel Tune - BCWorkshop 2025 - Amsterdam 16




3T perovskite-xBC shingling?

How to string (shingle) 3T cells?

No ribbon/wire interconnectors
No bonding to perovskite layer

Both connections made in overlap

Simplified string-end connections

@ 10.12.2025 XxBC for Tandems - Daniel Tune -

Bottom cell to top cell connection

Perovskite
Silicon

//

Top electrode (-)

Perovskite

Silicon

Rear electrode (+) \é

ECA

/

(

Rear electrode (+)

Bottom cell to bottom cell connection

Perovskite

Silicon

Rear electrode (+)

Perovskite

Silicon

£

ECA

/

é

{

N\
~
S

BCWorkshop 2025 - Amsterdam

Rear electrode (-)

Reverse-MWT via

*Patent pending

17



3T cells @ ISC

SiO2 (protection layer)

n-type Si

Genl features:

Fully based on ZEBRA process
n+ diffused FSF

Flat front side with SiO2 capping
Fully flat rear side

SiNx (protection layer)

n-type Si

pt n+

Si0,/SiN,

Ag

Gen?2 features:

Unpassivated front side after SiO2 removal!

@ 10.12.2025

Thin n+ poly-Si FSF

xBC for Tandems - Daniel Tune - BCWorkshop 2025 - Amsterdam

14.3x14.3 mm? (100 pieces)

20.9x20.9 mm? (42 pieces)

18



Why 4T-perovskite xBC?

* |deal # production realities

. ) |
* High potential for punctures o e e
» Yield losses Front metal

> Field failures Silicon cell
Rear metal

e Thicker front encapSUIant Rear glass

» Optical losses

()
10.12.2025 xBC for Tandems - Daniel Tune - BCWorkshop 2025 - Amsterdam 19




Why 4T-perovskite xBC?

* More ideal structure

* Reduced potential for Front glass
Perovskite

punctures
. Silicon cell
* Thinner front encapsulant fear metal
Rear glass

()
@ 10.12.2025 xBC for Tandems - Daniel Tune - BCWorkshop 2025 - Amsterdam 20



Why 4T perovskite xBC?

H N
* Silicon # perovskite layout = i=
o . - BHEN
* Spatial differences in voltage  EEEE . _
B . -
e Exacerbates front metal issues B | e
| e
B | e
R |
Silicon Thin film AT Tandem
Front glass 0~42V 0~180V A~140 VI
Perovskite
Front metal
Rear metal
L Rear glass

@ 10.12.2025 xBC for Tandems - Daniel Tune - BCWorkshop 2025 - Amsterdam 21




Summary

Perovskite (tandem) reliability indoors improving

Outdoors not so convincing yet

xBC in 3T tandems
Not complex to string
End losses can be managed

Concepts for shingling without ribbons/wires

xBC in 4T tandems

Optical advantages due to lack of front side metalisation shadowing

Practical advantages due to flat front surface — less risk of puncturing / shorting
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research
for a sunny future
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Thank you
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