Perovskite—Silicon Tandem Solar Cell as the Next-Generation PV
Technology: How to Master the Change of TRL?

IBC4EU & EMPOWER Workshop
Kaining Ding, Head of PV-Thync Lab, IMD-3, Forschungszentrum Julich GmbH
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IMD-3 PHOTOVOLTAICS
2 locations: Julich ( ~100) & Erlangen (~40)

{ Helmholtz}
[ JULICH } Director Department Departmént Department
Prof. Christoph Brabec lan-Marius Peters Thomas Kirchartz Kaining Ding
Erlangen: Julich:
IMD-3 PV » Perovskite/Organic solar cell » Heterojunction/Tandem
= Sustainability/Recycling = Analytics/Simulation

= Material Discovery
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TANDEM DEPARTMENT
PV-Thync Lab
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Evaporation ALD

Slot-die & Dip-coating

= Nickeloxid = SAM = Perovskite = C60 = SnOx
= Passivation » Gas-Quenching

20 PV-Thyn
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PV Technology Incubation Laboratory
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TANDEM DEVELOPMENT JULICH
Research plan
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SHJ bottom cells:
= 280 um FZ wafer

= 1x1cm?cellon 2 x 2 cm? wafer
= Bottom cell efficiency average ~23%

Voc average ~730mV
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TANDEM DEVELOPMENT JULICH
Efficiency evolution
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Calendar week in 2024-2025
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current density J [mAcm™?]

Voc Jse FF PCE
M [mAcm?]  [%] [%]
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THE CHALLENGE: SCALING
No clear technology roadmap yet, but limited resource

Material choice
Process choice

Bottom
Cell

Sputter
NiOx

Evaporation

ARC

SP
Metall
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Reliability/Cost

Mandatory?
Alternative?
Only method?

Slot-Die
SAM

Sputter
TCO

Perovskite

One step/two step, wet/dry
= Wet: slot-die, blade, inkjet
Dry: PVD, CSS, PVD

Quenching: AS, Gas, Vacuum

ALD
SnO2

Material choice
Process choice

-
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Evaporation

C60

Reliability/Cost
Mandatory?

Alternative?
Only method?
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THE CHALLENGE: SCALING
No clear technology roadmap yet, but limited resource

Approach Main Issue

Wet Cell area coverage, wafer texture
One-Step _

Dry Crystal quality

Perovskite
Dry + Wet Composition control

Two-Ste
g Dry + Dry Composition control, crystal quality

Wet: Slot-Die, Blade-Coating, Inkjet-Printing...
Dry: Evaporation, CSS, CVD...
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PEROVSKITE SILICON TANDEM IN CHINA
Company R&D

LONGi Green Energy: Achieved world-record conversion efficiencies of 34.85% (1 cm?) and 33% (260.9 cm?).

Trina Solar: Laboratory tandem module efficiency 30.6% for 1185 cm?, 2384 mm x 1303 mm tandem solar cell module 841 W
JinkoSolar: TOPCon + perovskite tandem cell efficiency reached 34.22%.

Tongwei: perovskite silicon heterojunction tandem solar cell efficiency exceeds 34,37%. G12 format 27,46%.

Chint New Energy (Astronergy): TopCon + perovskite tandem solar cell efficiency exceeds 33%.

» JA Solar: Perovskite—silicon tandem modules with 230% device efficiency under 210 half-cell configuration.

= Huasun Energy: Developing tandem solar cells and modules with cell R&D efficiency exceeding 29%.

» Leadscend (LPV-HJT): Collaborating with universities, achieving laboratory efficiencies over 33%.

» Jinergy: M6-size perovskite—silicon tandem solar cells with device efficiency of 26.1%.

= Sany Silicon Energy: Perovskite tandem modules with module efficiency of 24.91% and module power of 800 W.

» IHeng PV: Tandem cell efficiency of 33.55% (1 cm?, CPVT certified), showcasing two-terminal tandem large modules.

= SPIC, Hiking PV, Auner, Risen, Boamax...
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PEROVSKITE SILICON TANDEM IN CHINA

Industrialization

LONGI
Tongwei
Huasun
Astronergy
JA Solar
Auner
Trina Solar
Maxwell

Boamax

43 OXFORDPV cells

Industrialization Activities of Chinese Companies

has set up a laboratory capable of producing 0.2 m? tandem modules (production capacity not disclosed). No mass production plan.
completed the construction of a 5 MW pilot line. Work both on TOPCon and SHJ as bottom cell. Plan for 100MW line in 2026.
completed a 1 MW small pilot line for SHJ-PVK tandem modules in 2024. A 100 MW pilot line was put into operation in 2025

by the end of June 2024, upgraded its laboratory to have MW-level experimental capabilities.

established the company JXMN and, by May 2025, completed the first batch of cells from a 1 MW pilot line.

in early 2023, built a 2 MW pilot base in Beijing for developing M6—-G12 size tandem cell processes

MW-level pilot line construction. Laboratory tandem module efficiency 30.6% for 1185 cm?, 2384 mm x 1303 mm module 841 W

has established a 4 MW perovskite—heterojunction tandem cell experimental line and developed a 200 MW full-line process solution.

launched a 100 MW production line in January 2025, aiming at achieving capacity utilization of 80%
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EXAMPLE METHODOLOGY
Test SnO thickness on single junction

PVK

SAM
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Ag BN

current density J [mA/cm?]
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Yang, Q. et al.: Toward the working mechanisms of tin oxide as
buffer layer in perovskite/silicon tandem solar cells (2025, Applied
Physics Reviews, 12(2), 021403),

Sputter damage only?

03 06 09 12
voltage V [V]
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EXAMPLE METHODOLOGY
Test SnO thickness on single junction
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EXAMPLE METHODOLOGY
Steady-State Photoluminescence (ssPL)
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EXAMPLE METHODOLOGY
External Quantum Efficiency (EQE) upon dual-side illumination
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= Thick SnOy improved the interface passivation quality at EFTV-SI"ﬁ nc o .
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EXAMPLE METHODOLOGY
Space-charge-limited current (SCLC) measurement: electron-only device
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EXAMPLE METHODOLOGY
BUilt-in Voltage (VB|) & Work funCtion PHYSICAL REVIEW APPLIED 11,054079 2019) | 1 _ %In(y‘“\‘('lf‘]—’l‘ 1)
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= The ratio of forward to reverse current density (J¢/J,) has a linear relationship with Vj,
= Vj increases with increasing SnOy thickness: the thicker the SnO,, the closer it is to vacuum
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EXAMPLE METHODOLOGY

SCAPS simulation
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= The work function change affects passivation at the
Perovskite/C60 interface (Voc, Jsc, FF)
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EXAMPLE MATERIAL DISCOVERY WORKFLOW
HTL for perovskite single junction solar cell

Currentissue  Firstrelease papers  Archive  Aboutv \

Science

HOME > SCIENCE > VOL.386,NO.6727 > INVERSE DESIGN HOLE:

MATERIALS TAILORED FOR PEROVSKITE SOLAR CELLS

() RESEARGH ARTICLE | SOLAR CELLS

f X¥in o & O =

Inverse design workflow discovers hole-transport ma-
terials tailored for perovskite solar cells

JIAMCHANG WU ({B) | LUCA TORRESI (B) . MANMAN HU ({5, PATRICK REISER ([, JIVUN ZHANG (), JUAN S ROCHAORTIZ (). LUYAO WANS (B) . ZHIOIANG XIE

KAICHENG ZHANG (@).].], AND CHRISTOPH J BRABEC @  +12authors  Authors Info & Affiliations

SCIENCE - 12Dec2024 - Vol 386, lssue 6727 + pp. 12561264 + DOL10.1126/science ads0901

& 1oso 992

AD"G

Editor's summary

! An inverse design approach has identified high-performance organic hole- L
transporting semiconductors for perovskite solar cells. Wu et al. synthesized li- a2
braries of conjugated organics molecules through Suzuki coupling to create large
datasets and evaluated these molecules as hole transporters. A Bayesian model o
was trained on device performance and used to synthesize new candidates based @
on molecular descriptors. The optimal molecule achieved a power conversion effi- -

ciency of 26.2% versus 24.6% for a state-of-the-art reference hole transporter. —
Phil Szuromi
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EXAMPLE MATERIAL DISCOVERY WORKFLOW
HTL for perovskite single junction solar cell

1. Database Starting-DB  Statist. Selection Synthesized materials

- | ________ Ige_n_n_a[q Stone Bayesian Bayesian
oo &,

A1 . A1133

N

7] 7 &

@ il L7 o:® G)o:oo: oo .:a a.:..: ; X o :oo oo
g% Dgpe | savsessies Soe ool ] SR :
" Monomers 1.000.000  10.000 Initial (100) lteration (10) lteration (10)

Create a database (starting DB) of all possible products using simulation tool RDKit (1.000.000)

Random selection to down select molecules for DFT simulation assuming sufficiently large statistic (10.000)
Run quantum-chemical calculation DFT simulations to have molecule property data base

Kennard-Stone method to select representative molecules based on DFT results to make synthesis (Initial(100))
High-throughput material synthesis and characterization as well as device fabrication

Run Bayersian optimization to recommend new molecules, then selection to make device (lteration(10))

Run Bayersian optimization again for better recommendations of molecules (lteration(10))
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EXAMPLE MATERIAL DISCOVERY WORKFLOW

HTL for perovskite single junction solar cell

2. Quantumchemcial Calculations (DFT)

NumAtom, "3y _ HOMO
Mw i, ~  __ LumO
MolLogP< ~ Roational

constants b
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Run quantum-chemical
calculation DF T simulations
to have molecule property
data base

Calculating power intensive
step, maybe require
supercomputer (available in
JULICH)
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EXAMPLE MATERIAL DISCOVERY WORKFLOW
HTL for perovskite single junction solar cell

3. Highthroughput-Snythesis/ Characterization

MW-Synthesis ~ Purification " High-throughput material

synthesis and

, | LNENENEN ot
YRy 2y z 'é‘éixz E 1] - characterization (PLQY)
8 N s Farar —[ BE56 g al®

— HETH T ﬂﬂ Ll N s Alndndngl - Require:s automated

- v v " processing to ensure
AWAN ibili
Elektro_ — %; . SpektrO' reprOdUC|b|I|ty
Chemistry E skopie
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EXAMPLE MATERIAL DISCOVERY WORKFLOW
HTL for perovskite single junction solar cell

4. Device and Target Objective Measurement " Device fabrication (in
e.g. current — voltage relation this case perOVSklte
e.g. Solar Cell J single junction)
Device ng Analysis § = Requires that every
Processi S | other material except
| 1 |Max power point for th biecti . t
| | = Y or the objective is no
LIESESESIS—— limiting the device
Voltage (V) performance
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EXAMPLE MATERIAL DISCOVERY WORKFLOW
HTL for perovskite single junction solar cell

5. ML Training and lteration Prediction n Bayersian Optimization
l oovice l based on device
| | Grounc A performance
}‘ g:x_g Truth _:;_::I,‘% 'P' \\ f«\_‘
Saie oumogat VA = Calculated DFT results
R Y .y
= | set the boundary, within

Feedback Bayersian is searching
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EXAMPLE MATERIAL DISCOVERY WORKFLOW
HTL for perovskite single junction solar cell

. Training Efficiency

=& ®~ Start-DB =9, lteration 2. Iteration
8 20 - R P 9 m%

e T

w151 qRele “5"3:9? qb I\
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@ 10 . 2 % \f \? ? &

E - g""@ @m ‘g'
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0 - 20 ) 40 ' 6'0 100 1 20 1 40 160
Sample Number

= J.Wuetal., An integrated system built for small-molecule semiconductors via high-throughput approaches, JACS 2023
= J.Wuetal., An Inverse design workflow discovers HTL tailored for perovskite solar cells, Science 2024;
= A. Bornschlegl et al, An Automated Workflow to Discover the Structure—Stability Relations for Radiation Hard Molecular Semiconductors, JACS 2025
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EXAMPLE MATERIAL DISCOVERY WORKFLOW
Find the correlations

homo level

has tertiary amine
purity

homo/lumo gap
rotation constant b
Morgan FP density
rotation constant ¢
N count

fraction of SP3 C
has biphenyl

log P

total energy
rotatable bonds count
lumo level

dipole

exact molecular weight
aromatic bonds count
rotation constant a

C count

molar refractivity
conjugated bonds count
bonds count

atoms count

aromatic atoms count
atoms in ring

H count

0.00 0.02
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SHJ/PST WORKSHOP
December, South Korea

——

Tandem Solar Cell | 8th International Silicon HeterOJunctlon Solar Cell Workshop | |
Special Forum 1st International Perovskite S|I|con Tandem Solar Cell Workshop =

202 5 1-3 December =
Daejeon, SoufﬁKﬂma\ == |

https://www.shjworkshop.com/
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PEROVSKITE IN CHINA

Producers
Technology progress Industrialization
GCL- Perovskite SJ: 01.2025, 2048cm? module efficiency 22.97% 09.2021 100MW line;
Perovskite Perovskite silicon 4T: 01.2025, 2048cm? module efficiency 29.51% 06.2025 2GW PST production
line announced.
Renshine Perovskite SJ: 11.2024, 0.72m? full area module efficiency 19.27% 01.2024 150MW line;
Perovskite perovskite 2T: 01.2025, 1200cm? module efficiency 26.12% 02.2025 1GW production line
announced.
Utmolight Perovskite SJ: 05.2025, 2.82m? stabilized efficiency 17.04% 12.2022 150MW line;
02.2025 1GW production line in
operation.
Microquanta Perovskite SJ: 01.2025, 810cm? module efficiency 21.86% Q1 2022 100MW line;
Perovskite silicon 4T: 11.2024, 150W commercial 4T tandem module Announcement of 1GW
production line
Mellow Perovskite SJ: 02.2025, 1.92m? full area module efficiency 18.16% 11.2024 100MW line;
Perovskite silicon 4T: 02.2025, 1.92m? module efficiency 24.68% Announcement of 1GW

production line

[ 1 1 [ Y kit
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PEROVSKITE IN CHINA
Value Chain

TCORIR €en SRy aBRaan
= Many more on 100MW level (operating or planned): A.. Fp— il
SolaEon, LiYuan, PhotonCrystal, Infi-Solar, WonderSolar... - P e },4.,
CEW Cy CATL onoi
= Turnkey equipment provider: ChinaSC, Maxwell, & o zuan W Tagy o vemr T’ '“
Leadmicro, CETC, Phenioxlar, Perovs, JSMachinery... 5 e SRSl Jinkd T

8 2 = B n

= Trend lightweight: DaZheng, Sunflex, Fab Solar, Renshine, gee cmem foad) i PATUR

GCL-Perovskite, Utmolight, Mellow... SOAMAX
BEeE i 8B u®

= Estabilished tier 1 companies have positioned themselves &P 5 Mach \ {‘&’, DB o mmon

with knowhow: Trina, Jinko, Longi, JA... — el £~ B “'7/
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» Also competitive newcomers (big chinese companies): CEVC Basansansance usau— © Urmolight

CATL, BYD, Gree, BOE... E WO HROH ¥ Hmvent
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