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As traditional single-junction solar cells approach their theoretical efficiency 

limits, perovskite-based multijunction architectures have emerged as a 

transformative pathway toward high-efficiency, gigawatt-scale photovoltaic 

deployment. While the field has seen rapid progress in dual-junction tandems, 

extending these configurations to triple or quadruple junctions introduces 

significant mechanical and chemical hurdles. This Perspective shifts the focus 

from purely electronic considerations to the critical physical challenges of sub-

cell interconnection, such as interlayer dissolution during solution processing 

and strain-induced film defects like pinholes and delamination. By addressing 

these interfacial and structural integrity issues, this work provides a strategic 

roadmap for the development of robust, next-generation multijunction devices. 

These insights are essential for transitioning advanced perovskite architectures 

from laboratory-scale breakthroughs to durable, industrially viable energy 

solutions 
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Why More Junctions Do Not Yet Deliver: Interconnection 
Challenges in Perovskite Multijunction Solar Cells
Rik Hooijer,a Sunwoo Kim b, Doyun Imb, Cong Chenc, Dewei Zhaoc,*, Sangwook Leeb,*, and Erkan 
Aydin a,*

Single-junction photovoltaic technologies are approaching their practical efficiency limits. Perovskite-based multijunction 
solar cells offer a path beyond these limits through reduced thermalization losses and improved spectral utilization. Although 
tandem architectures are not new to the photovoltaic community, perovskite-based tandems have, for the first time, 
opened a realistic path toward gigawatt-scale deployment of this technology. Over the past decade, remarkable progress 
has been achieved, and the technology is now moving steadily toward industrial scaling. Beyond complementing crystalline 
silicon, perovskites constitute a versatile tandem device component that can be implemented in fully perovskite-based 
architectures, fabricated on diverse substrates, and even extended to triple or quadruple-junction configurations. However, 
this advancement introduces new technological challenges, particularly in the interconnection of perovskite sub-cells. 
Achieving reliable electrical coupling while maintaining interfacial and structural integrity is challenging, as high-efficiency 
devices often involve multiple solution-processed layers, where similar solvents used in adjacent sub-cells can cause 
interlayer dissolution or chemical degradation. Furthermore, film imperfections such as cracks, pinholes, and delamination 
- often driven by mechanical stress and accumulated strain -  emerge frequently during fabrication and scale-up and require 
careful management. This perspective examines these interconnection-related challenges and charts future directions in 
perovskite-based multijunction solar cells beyond the general electronic view of recombination junctions.

Introduction and Key Questions
Perovskite-based multijunction (tandem) solar cells mark a 
significant advancement over conventional single-junction (1J) 
PV technologies such as crystalline silicon, by enabling broader 
solar spectrum utilization and minimizing thermalization 
losses.1 Importantly, higher power conversion efficiencies (PCEs) 
can be achieved with potentially minimal added cost due to the 
convenience of processing perovskite sub-cells, crucial for 
industrial adoption.  They are steadily advancing toward 
commercialization, with perovskite-silicon tandems currently 
the closest to market deployment. In parallel, thin-film 
tandems, and particularly all-perovskite architectures, are 
following a similar trajectory. Other promising perovskite-based 
tandem configurations include perovskite-Cu(In,Ga)Se2 (CIGS) 
and perovskite-organic devices.2,3

At present, there is no clear consensus on whether monolithic 
or mechanically stacked tandems will ultimately dominate. 
However, the research community has placed greater emphasis 
on monolithic configurations, in which the perovskite sub-cell is 
directly integrated in series with the bottom sub-cell through an 
interconnecting recombination junction (RJ). This monolithic 
integration approach is also the focus of this article, as the 
efficient electrical and optical coupling of the sub-cells via the 
recombination junction remains a central technological 
challenge. As of today, perovskite-silicon tandems have been 

reported with PCEs close to 35%4,5 for 1 cm² active areas with a 
projected practical limit exceeding 38-39%,6,7 while all-
perovskite tandems have exceeded 30% PCE for ~0.05 cm² and 
28.5% for 1 cm² active areas.8

Despite the clear efficiency advantages of triple- and quadruple-
junction architectures demonstrated in III–V photovoltaics, 
perovskite-based multijunction cells remain predominantly 
limited to two junctions (Figure 1). Although triple-junction cells 
offer the potential for higher PCEs, this promise has not yet 
been realized, and the effect becomes more pronounced in 
larger-area devices, highlighting the challenges of forming 
efficient RJs in thin-film–based tandem architectures. 

Figure 1: Shockley-Queisser (S-Q) limits for multijunction solar cells concerning the 
number of recombination junctions. Reported values highlight the increasing gap 
towards the efficiency limit for a higher number of recombination junctions and 
the gap to the III-V technologies.9–12
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b.School of Materials Science and Engineering, Kyungpook National University 
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Chengdu, China.
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Several earlier reviews have addressed RJ design within 
particular scopes: de Bastiani et al. laid the conceptual 
foundation for monolithic perovskite tandems,13 subsequent 
articles have treated all-perovskite architectures,14–16 
perovskite/silicon architectures,17–19, and most recently RJ 
progress across multiple multijunction families.20,21 
Nonetheless, rapid progress during 2024-2026 has revealed RJ 
bottlenecks that become visible only in record-efficiency 
devices or under scale-up, requiring RJ-specific, cross-family 
comparison of reporting metrics that remains largely absent 
from the literature.

This perspective therefore benchmarks RJ architectures across 
perovskite/silicon, all-perovskite (2J, 3J, 4J), 
perovskite/perovskite/silicon, perovskite/CIGS, and 
perovskite/organic multijunction cells. We argue that the RJ 
should be treated as a decisive bottleneck rather than as a 
secondary interlayer, and that architectural simplification is 
central to reconciling efficiency, scale-up, and reliability. Our 
conclusions are strongest for p-i-n thin-film RJs, which dominate 
current high-efficiency demonstrations, and may not fully 
generalize to n-i-p, mechanically stacked or four-terminal 
architectures.

State-of-the-Art Recombination Junctions
In monolithically integrated multijunction solar cells, RJs are key 
components that opto-electrically couple the sub-cells and 
govern the overall device efficiency.13 An ideal RJ must fulfil 
several stringent requirements, including appropriate energy 
band alignment of the electron transport layer (ETL), hole 
transport layer (HTL), and conductive interlayer (e.g., 
transparent conductive oxide (TCO)) to enable efficient carrier 
recombination. The ETL/HTL interface should facilitate rapid 
electron-hole recombination while minimizing resistive and 
voltage losses. In addition, the RJ must exhibit high optical 
transparency to transmit light to the underlying sub-cells, as 
well as chemical and thermal stability and chemo-mechanical 
robustness to withstand solution processing of subsequent 
layers.22 

State-of-the-art RJs frequently adopt multilayer architectures, 
which in p-i-n devices typically consist of ETLs from organic 
materials such as C60, PC60BM, HTLs such as poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), 
or inorganic materials such as atomic-layer-deposited (ALD) 
SnO2, and conductive layers including metals (e.g., Au) or 
TCOs.23

At present, the field strongly favours p-i-n configurations.1 This 
is due to a combination of factors, such as the low temperature 
processability, the HTL self-assembled molecule (SAM) 

1 100,000 results vs. 3,000 results based on a Web of Science search with the keywords 
“perovskite AND tandem OR multijunction AND p-i-n OR inverted” vs. “perovskite AND 
tandem OR multijunction AND n-i-p”Figure 2: a) Schematics of the solar cell architectures for perovskite/silicon tandem, perovskite/perovskite tandem, perovskite/perovskite/silicon triple junction, and all-perovskite 

triple junction solar cells in p-i-n configuration. b) Recombination junction in a detailed view with the most common material options.
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compatibility, and better Sn2+ stability. Additionally, materials 
used in n-i-p configurations, such as spiro-OMeTAD or PTAA as 
HTLs, are not sufficiently transparent, thermally stable, or 
deposition compatible with the completed bottom sub-cell and 
often require problematic doping protocols.18 Organic 
alternatives have been demonstrated,24 and inorganic 
alternatives partially address the concerns, but introduce their 
own interfacial recombination penalties, such as redox-driven 
interfacial degradation for NiOx and morphological challenges 
for CuSCN.25,26 Hence, this perspective is mostly focused on p-i-
n configurations.

The structural configurations and materials of state-of-the-art 
RJs are illustrated in Figure 2. Many materials are 
multifunctional; for example, SnO2 acts both as a buffer layer to 
prevent sputter-induced damage and/or solvent penetration, 
and as an electron-selective contact. This multifunctionality is 
advantageous but also complicates the engineering process. 
Even with this progress, several persistent failure modes still 
motivate a closer examination of the limitations of each layer.

Challenges in Current RJ Architectures
While significant progress has been made, persistent material 
and processing bottlenecks in RJ design remain a challenge 
across the research community, highlighting the need for next-
generation architectures. These challenges span all-perovskite 
and perovskite/silicon tandem devices, with limitations evident 
in each layer from the n-side to the p-side of the junction.

All-perovskite tandem solar cells typically employ p–i–n 
configurations with RJ stacks such as SnO₂/Au or 
ITO/PEDOT:PSS.23,27–29 For perovskite/silicon dual-junction 
tandems, RJ design typically adopts established structures such 
as n-Si (amorphous or nanocrystalline)/TCO/HTL (e.g., SAM, 
NiOₓ, or modified NiOₓ), where interface quality is crucial for 
high-performance devices.11 Perovskite/perovskite/silicon 
triple-junction tandems incorporate two recombination 
junctions: RJ1 (Si-PK RJ), connecting the silicon bottom sub-cell 
to the middle-bandgap perovskite sub-cell, and RJ2 (PK-PK RJ), 
linking the middle-bandgap and top-bandgap perovskite sub-
cells. While RJ1 design follows the same rationale as 
perovskite/silicon dual-junction tandems, RJ2 is more 
challenging due to its thin-film/thin-film integration between 
two perovskite sub-cells. If robust RJ2 designs can be 
established, higher-junction integration (e.g., 4J concepts) 
becomes more feasible; however, current 4J demonstrations 
remain largely proof-of-concept, even showing efficiency losses 
compared to 2J and 3J devices (Figure 3a).

In RJ2s, dense ALD-SnO2 buffer layers are widely introduced on 
top of C60 to suppress solvent penetration and mitigate sputter-
induced damage to the underlying perovskite layers during 
subsequent processing steps. This strategy reflects the excellent 
electron-selective properties of C60 and SnO2, combined with 
the superior barrier functionality of ALD-SnO2, which shows 
promise with tuneable oxygen vacancies enabling better charge 
extraction and environmental stability.30,31 However, the 

deposition of high-quality SnO2 films on C60 remains intrinsically 
challenging, as C60 surfaces are highly hydrophobic and 
chemically inert, resulting in poor nucleation during the initial 
ALD cycles and non-uniform film growth.32–34 To compensate 
for this limitation, comparatively thick SnO2 layers of 10-20 nm 
are often employed, which in turn introduce additional parasitic 
absorption interfering with current matching between sub-
cells,35,36 increased contact resistivity, conduction band offsets 
that need tuning,37 and an inherently weak mechanical 
interface (Figure 3b-c).38–40 Importantly, the optical penalty of 
thicker RJ barrier layers becomes increasingly severe as the 
number of junctions increases because additional parasitic 
absorption directly reduces the current of the current-limiting 
sub-cell. As a simple power-density estimate, an RJ-related 
current loss of 0.1 mA/cm² translates to 0.15-0.2 percentage 
points of PCE loss in a 2J cell at 1.5-2.0 V maximum power, with 
the penalty expected to scale further in 3J+ devices due to their 
higher operating voltages and stricter current-matching 
constraints.41,42

Beyond nucleation challenges, C60 can induce voltage losses and 
increased contact resistance due to limitations associated with 
surface charge heterogeneity and weak van der Waals bonding 
with the underlying perovskite layers.43 These effects become 
more pronounced when the underlying perovskite film is 
chemically and electronically non-uniform: heterogeneous 
charge distributions broaden the energy levels of charge-
transfer states, leading to low Voc,44–46 while weak interfacial 
bonding results in non-uniform electrical contact and 
consequently higher interfacial resistance.47 Moreover, the 
relatively weak interfacial adhesion between C60 and adjacent 
layers compromises mechanical robustness and increases 
susceptibility to delamination under thermal and processing-
induced stress (Figure 3c).40

On top of the SnO2 buffer layer, TCOs (~40-70 nm) are 
commonly employed to provide sufficient conductivity for 
electron-hole recombination and to function as an auxiliary 
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Figure 3: a) i) JV curves of optimized single-junction, double-junction, triple-junction, and quadruple-junction cells. Reproduced from ref. 10 with permission from 
Springer Nature10, copyright 2025. b) EQE of a triple-junction solar cell (top) and the linear technology simulation program with integrated circuit emphasis (LTspice) 
simulation results based on top-level and average-level single-junction solar cells without and with series resistance (Rs) between top- and mid-perovskite solar cells 
(bottom). Reproduced from ref. 41 with permission from Elsevier41, copyright 2024.  c) False-coloured tilted SEM image demonstrating the peel-off between C60 and 
SnO2. The peeled surface presents the typical wrinkles of the perovskite surface. Reproduced from ref. 40 permission from ACS40, copyright 2022. d) Quasi Fermi level 
splitting (QFLS) maps of perovskite dual-junction devices with i) Au/PEDOT:PSS and ii) GO/2PACz as the recombination layer with iii) and iv) their respective QFLS losses, 
calculated from individual sub-cell QFLS, respectively. Reproduced from ref. 48 with permission from ACS48, copyright 2025. e) Water vapor transmission rate of 25 nm 
AZO as a function of time grown on bare C60 and C60 functionalized with a PEIE nucleation layer (left). FA0.6Cs0.3DMA0.1PbI2.4Br0.6 perovskite sample split in two coated 
with 30 nm C60/25 nm AZO on the left and 30 nm C60/PEIE/25 nm AZO on the right (middle). The same perovskite sample after 60 s of dimethylformamide (DMF) 
exposure (right). Reproduced from ref. 22 with permission from Elsevier22, copyright 2019. f) Perovskite film retention after a 10 s DMF exposure for 
glass/perovskite/C60/ALD SnOx with increasing duration of ozone exposure applied after the initial 40 cycles of SnOx capping layer growth (top). Glass/perovskite/C60/ALD 
SnOx films after aging for 1,000 h at 150 °C in an ambient oven using a control SnOx and ozone-nucleated (15 s) SnOx ALD process (bottom). Reproduced from ref. 32 
with permission from Elsevier32, copyright 2023. g) Band diagram schematic of a control device and a device employing a 2D perovskite layer as a tunnelling junction. 
Reproduced from ref. 49 with permission from Wiley-VCH49, copyright 2024. h) WBG perovskite surface wrinkling employing an antisolvent technique or a gas quenching 
technique. Reproduced from ref. 50 with permission from ACS50, copyright 2025.

solvent barrier. However, the thick TCOs introduce optical 
penalties, morphological cracking, shunting risks, sputter 
damage, and reduced mechanical adhesion.40,51 These issues 
become increasingly severe during scale-up, as pinhole 
formation in wide-bandgap (WBG) perovskite films amplifies 
leakage currents and compromises device yield.52 As an 
alternative to thick TCO layers, ultrathin Au nano-islands (~1 
nm) have been widely adopted (Figure 3d); however, this 
approach introduces different challenges, including optical 
losses by reflection and degradation paths via Au diffusion into 
adjacent layers, causing irreversible trap states and shunt 
paths.48,53–55

On top of the conducting layer, i.e., the p-type side of the RJ, 
the most employed HTL is PEDOT:PSS, due to its favourable 
compatibility with narrow-bandgap (NBG) perovskites, i.e., a 
well-matched valence band maximum, its solution 
processability, and protective thickness. However, PEDOT:PSS is 
both acidic and hygroscopic, accelerating Sn oxidation in NBG 
perovskites and severely degrading device stability.27,56,57 In 

addition, surface inhomogeneity within PEDOT:PSS reduces 
electron-blocking capability, while polar solvents used in 
perovskite precursor solutions erode the layer, weakening hole 
extraction at the HTL/perovskite interface.58 It also features a 
non-negligible parasitic absorption.59 To address these issues, 
alternative HTLs such as self-assembled monolayers (SAMs), 
BCF-doped PEDOT,60 poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA), poly(3-hexylthiophene) (P3HT), 
and metal oxides, including NiOx, SnOCl, and SnOx, have been 
explored. Nevertheless, perovskites often suffer from poor 
wettability on organic HTL surfaces,61,62 whereas oxide-based 
HTLs can undergo detrimental redox reactions and exhibit 
process-dependent instability.63,64 Recently, NiOx layers or 
NiOx/SAM combinations function as hole-selective contacts. For 
NiOx in particular, nanoparticle-based films demonstrate 
improved tolerance to mechanical and thermal stress,11 while 
sputtered amorphous NiOx yields denser, pinhole-free layers 
that more effectively block solvent infiltration, underscoring the 
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strong dependence of HTL performance on deposition 
methodology.

Emerging Materials and Processing Strategies
Recent RJ strategies increasingly target several constraints at 
once: charge extraction and recombination, solvent and sputter 
protection, mechanical stability, and scalable deposition. We 
therefore group them into three tiers: approaches already used 
in record-class devices with scalable deposition routes; 
functional approaches with unresolved process or deposition 
trade-offs; and concepts that are promising but require 
validation in large-area or higher-junction devices.

Tier one strategies that underpin record-class perovskite 
multijunction cells at areas of 1 cm² and above using scalable 
methods are sputtered TCOs and ALD SnO2. TCO-based 
interlayers remain central to many high-performing monolithic 
architectures because they provide lateral conductivity, solvent 
protection, SAM bonding sites and enable recombination. 
Although sputter-induced damage to the underlying perovskite 
remains a known issue, it is manageable at scale and sputtering 
is broadly established. ALD SnO2 has likewise become an 
essential buffer/barrier layer, with the nucleation challenge on 
hydrophobic C60 addressed through functionalization with PEIE 
or carboxyl-terminated molecules,22,31,65 or in situ ozone 
functionalization (Figure 3e-f), improving its coverage and 
density.32

Tier two strategies are functional but face unresolved 
deposition or process trade-offs. SAM-based contacts are 
widely used in perovskite-silicon tandems, though less common 
in thin-film tandems such as all-perovskite devices. When 
deposited on TCO layers, SAMs form covalent or ionic bonds, 
producing highly stable and densely packed interfacial layers 
that enhance device performance.66,67 Phosphonic acid groups 
provide strong bi-/tridentate anchoring, while silane-based 
SAMs can enable long-term stability via Si-O-Si crosslinking, 
albeit with enhanced risk of hydrolysis.68,69 However, spin-
coating remains poorly suited for high-throughput 
manufacturing, and scalable vapor-phase,70 slot-die,62 and roll-
coating routes for SAMs are emerging but not standardized.71 
Reproducibility, surface hydroxylation control and defect-free 
coverage at scale remain principal challenges.72 Direct 
perovskite surface functionalization could also offer improved 
direct SAM bonding, bypassing the TCO-SAM step. 

Alongside SAMs, several refinements within the sputter/TCO 
framework sit in this tier. Soft-sputtering protocols employing 
radio-frequency sources, decreased powers, and increased 
pressures lower particle energy and minimize ion-induced 
damage,73,74 and reactive plasma deposition was shown as a 
viable alternative method for damage-free RJs.75,76 Both 
approaches are yet to be demonstrated on all-perovskite cells. 
Solution-processed metal-oxide nanoparticle dispersions 
provide a scalable approach to protecting against sputter 
damage, although their application is limited to smooth (planar) 
front surfaces.77 Indium-free approaches have also drawn 

interest from a supply- and cost-considering point of view. Zinc 
tin oxide was demonstrated successfully,78,79 while other earth-
abundant TCOs, such as aluminium-doped zinc oxide or doped 
titanium oxide, might be worthwhile to explore further.80–83 
Graphene oxide (GO) with an average ~93% transmittance 
across 400-1100 nm has been proposed as an RJ material in all-
perovskite cells (Figure 3d). GO nanosheets, rich in hydroxyl and 
carboxyl groups, offer functional binding to SAMs or metal 
oxides, with high conductivity when tuned appropriately.48 
Deposited from dispersions, they can effectively cover pinholes 
in large area WBG perovskite films. However, the transparency-
conductivity trade-off, interfacial stress management, and 
scalability require further optimization.84,85 

Tier three strategies are functionally promising but not yet 
validated at larger area, high efficiency or different 
multijunction families and 3J+ cells. Fully molecular/organic RJs, 
demonstrated with evaporated n-doped C60 and p-doped 
arylamine, offer a way without TCO entirely. This is a valuable 
approach for textured or rough surfaces, mitigating shunting 
effectively through a decreased lateral conductivity of the 
organic layers.86 Another way to bridge the perovskite surface 
directly is low-dimensional perovskites (LDPs). They offer 
improved chemical stability, bandgap tunability, and interfacial 
passivation, and importantly, they can form ionic bonds 
between the perovskite and transport layers. Electronically, 
they can act as tunnelling layers (Figure 3g), while also 
suppressing halide segregation in WBG compositions.49,87–89 
Their application as phase-pure 2D, mixed halide, or Sn–Pb 
compositions specifically engineered as ultrathin RJ interface 
materials remains underexplored. Overall, reducing the number 
of layers in RJ stacks can effectively lower process complexity 
and improve stability while removing PEDOT:PSS. The 
multifunctionality of ALD SnO2 and ITO nanocrystals as stable 
and conductive buffer layers for example contributes to RJ 
simplification.90,91 However, neither approach has been 
validated for reproducibility across multiple fabrication sites or 
at areas exceeding 1 cm².

Table 1 highlights representative RJ architectures selected for 
RJ-specific innovation rather than historical priority or 
champion efficiency alone, with a detailed cross-family 
benchmark provided in Table S1. The selected entries show that 
recent perovskite/silicon progress largely converged towards 
and refines the mature TCO/SAM backbone through targeted 
solutions to SAM layers, sputter damage, damp-heat instability, 
textured-surface coverage, and non-TCO contact design. In 
contrast, all-perovskite and 3J architectures have not converged 
towards one architecture and still rely heavily on more complex 
C60/SnOx/conductive-layer/HTL recombination stacks, where 
RJ2 design, repeated thin-film interconnection, optical loss, and 
current matching become increasingly limiting as junction count 
rises. Simplified and innovative RJ concepts remain mostly 
demonstrated at small area or limited stability conditions. Thus, 
the most informative benchmarks are not simply the highest-
efficiency devices, but those that reveal whether an RJ strategy 
can be validated for area, reproducibility, electrical and optical 
loss, and operational stress. 
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Table 1: Recombination junction architecture benchmarks in perovskite multijunction solar cells. Entries are selected for RJ-specific innovation 
and distinction, rather than champion performance alone. A full overview table is given as Table S1. Tiers indicate the maturity of the full RJ strategy 
highlighted in each row, while the stack column reports the full RJ-relevant layer sequence.

Tier Family RJ stack RJ strategy PCE / area Comment Source
1 PK/Si 2J a-Si / nc-SiOx / ITO / CuSCN 

/ PK
Inorganic CuSCN grains replace 
SAM

31.02% stab. / 0.997 
cm²

4 cm² demonstrated, 
blade-coatable

Kan 2024 92

2 a-Si / nc-Si(n) / nc-Si(p) / 
Spiro-TTP / PK

nc-Si tunneling junction; non-TCO 
RJ route for PK/Si

29.4% stab. / 0.500 
cm²

Lower PCE, small 
area, spin-coated

Liu 2024 93

2 a-Si / nc-Si / IZO / CL-SAM 
/ PK

Cross-linked SAM directly 
addresses SAM thermal disorder

33.61% stab. / 1.00 
cm²

SAM spin-coated Zhang 2025 94

2 a-Si / nc-SiOx / RPD ICO:H / 
Me-4PACz / PK

Reactive-plasma-deposited TCO; 
cerium and hydrogen doped

33.2% stab. / 1.00 
cm²

SAM spin-coated Wang 2025 75

2 a-Si / nc-SiOx / ITO / ns-
SiOx / 2PACz / PK

Localized submicron nanosphere 
contacts on industrial texture

33.08% stab. / 1.00 
cm²

Mostly spin-coated Zhang 2025 95

3 a-Si / n-C60 / p-TaTm (p) / 
TaTm-SC9 / TaTm / PK

Fully organic, evaporated 22.19% / n.r. Low PCE, no stability 
or large area 
validation

Chozas-
Barrientos 
2025 86

3 All-PK 2J C60 / SnO2-x / PK Simplified two-layer RJ; no Au, no 
TCO

24.6% / 0.059 cm² Small area, early 
stage, low PCE

Yu 2020 91

2 C60 / SnOx / Au / 
PEDOT:PSS / SA / PK

Standard SnOx / Au / PEDOT:PSS 
layers

30.1% stab. / 0.049 
cm²

Small area, spin-
coated, with 
Au/PEDOT:PSS

Lin 2025 9

2 C60 / GO / 2PACz / PK GO replaces Au + PEDOT:PSS; 
QFLS-resolved RJ losses

23.3% / 0.12 cm² Low PCE, spin-
coated, small area

Fitzsimmons 
2025 48

2 C60 / Cr / ITO / PEDOT:PSS 
/ PK

Thin Cr barrier; ALD-free and Au-
free

26.56% / 0.09 cm² Low PCE, Small area, 
spin-coated, with 
PEDOT:PSS

Wei 2025 96

2 C60 / SnO2 / Au / H-bond 
SAM / PK

SAM with hydrogen-bond 
network replaces PEDOT:PSS

28.4% stab. / 0.0686 
cm²

Small area, spin-
coated, with Au

Wang 2026 97

2 PK/PK/Si 
3J

RJ2: C60 / SnOx / ZTO / 
2PACz / PK

Indium-free sputtered ZTO in RJ2 21.9% / 1.00 cm² Low PCE, no 
stability, spin-coated

Heydarian 
2025 78

2 RJ1: nc-Si / ITO / SAM / np-
SiOx / PK
RJ2: C60 / SnOx / IZO / SAM 
/ np-SiOx / PK

SiOx nanoparticles improve 
current balance in 3J stack

30.02% stab. / 0.974 
cm²

Complex dual RJ 
stack, spin-coated

Artuk 2026 98

2 All-PK 
3J/4J

All RJs: C60 / ALD-SnOx / 
IZO; PEDOT:PSS for Sn-Pb

Universal repeated thin-film RJ 
enabling all-PK 3J and 4J 
demonstrations

3J: 27.28% / 1.003 
cm²; 4J: 27.4% / 
0.25 cm²

Repeated RJs, proof-
of-concept, low PCEs

Hu 2025 10

Processing and Scale-Up Challenges
In all-perovskite cells, compact SnO2 buffer layers of roughly 10-
20 nm, processed at 100 °C, are often used to prevent solvent 
infiltration during subsequent deposition of the upper sub-
cells.99 While effective in protecting the underlying perovskite, 
these layers introduce contact resistivity and stress 
accumulation and should be improved to be thinner and more 
compact. Process conditions, including ALD deposition 
parameters such as precursor quality, pulse-purge time, and 
substrate temperature, as well as TCO sputtering parameters 
such as particle energy, and precursor-related parameters such 
as additives, solvent types, and annealing protocols, 
significantly affect the reliability of such barriers. While 
variations such as spatial ALD can offer increased speed and 
throughput, it also shifts the regime towards chemical vapor 
deposition, where, at high speeds, the conformal coating is not 
as uniform regarding its thickness compared to standard 
ALD.100,101

In all-perovskite multijunction cells, highly concentrated 
perovskite precursor solutions used for mid- and narrow-
bandgap layers frequently induce surface wrinkling on the µm 
scale, disrupting coating uniformity of solution-based processed 
thin films, and inducing localized strained areas on subsequent 
layers, as well as forming resistive domains due to the thickness 
inhomogeneity.102 Gas-quenching and vacuum flashing 
techniques have been shown to mitigate wrinkling and improve 
crystal orientation, but further improvements are necessary 
since the thin RJ layers cannot smooth this out and potentially 
risk non-uniform thicknesses (Figure 3h).50,103–105

Increasingly multi-layered RJ stacks improve processing 
compatibility and damage mitigation, but also introduce optical, 
electrical, and manufacturing trade-offs.13 These effects 
collectively amplify process sensitivity and variability, posing 
significant barriers to reproducibility and manufacturing 
scalability. Earlier 3J+ demonstrations showed pronounced 
area-scaling losses, whereas recent work has narrowed the gap 
between sub-cm² and 1 cm² devices. This suggests that junction 
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count alone is not the limiting factor; rather film uniformity, 
pinhole control and RJ continuity govern scale-up.10

Long-term RJ stability remains insufficiently characterized, and 
systematic studies of T80 lifetimes under damp-heat or thermal 
cycling conditions are scarce for RJ-specific degradation modes, 
including halide and metal-ion migration across the RJ, C₆₀/SnO2 
thermomechanical delamination, SAM thermal disordering, and 
current-mismatch-amplified field screening in the voltage-
limited sub-cell.106,107 This hinders reliable lifetime predictions 
for module-level deployment.

Lastly, the emergence of flexible and light-weight substrates 
and cell types adds a design constraint on the flexibility of the 
RJs, where their mechanical resilience must also be 
considered.75 Especially, the brittle nature of metal oxides that 
have low Poisson ratios and large elastic moduli makes them 
failure points and risky crack initiation sites.108,109

Industrial Requirements and Pathways to 
Commercialization
For perovskite multijunction cells to transition from laboratory-
scale demonstrations to commercial deployment, RJs must be 
designed with scalability, manufacturability, and long-term 
reliability in mind. Current approaches demonstrate feasibility 
but remain insufficiently robust for industrial 
implementation.15,91,110–112 In addition, manufacturing yield is a 
critical industrial requirement for RJs. Even low densities of 
pinholes, microcracks, or local delamination can translate into 
severe shunting and yield loss when scaled to large-area 
modules. Therefore, industrially viable RJ designs must exhibit 
a high defect tolerance and process robustness.

Moisture- and ion-induced degradation remains one of the key 
barriers to module-level reliability. Accordingly, RJ interfaces 
should rely primarily on intrinsically stable interfacial 
chemistries and mechanically robust layer stacks, with 
encapsulation serving as complementary rather than primary 
protection. The exposure of narrow bandgap perovskite (NBG) 
as the final absorber layer in all-perovskite cells compounds this 
challenge, but may be mitigated by fabricating in a switched 
substrate configuration.113 Furthermore, degradation problems 
after scribing on the module level are another scaling challenge, 
which needs to be addressed through, for example, ALD-SnO2 
protective layering.111 

Other materials, such as gold or complex multilayer stacks (>3 
layers), increase cost and further complicate processing. 
Industrial translation might also require low-cost options, such 
as carbon-based contacts (i.e., carbon allotropes and 
derivatives) or conductive polymers (i.e., PEDOT:PSS, PTAA, 
P3HT, etc.), provided their challenges are resolved, and stability 
is maintained.114–116

A further operational stressor with direct implications for the RJ 
is reverse bias. In perovskite/silicon tandems, the silicon sub-
cell’s high breakdown voltage shields the perovskite sub-cell,117 
but only when silicon is current-limiting. Under red-rich spectra 
or high-albedo spectra, the perovskite becomes current-limiting 
and reverse-biased.118 All-perovskite architectures lack such a 
shield entirely. Recent multi-scale simulations show that 
mobile-ion and active-area heterogeneities can localize reverse-
bias current into hotspots near pinholes, cracks and RJ 
inhomogeneities, potentially accelerating metal diffusion (Au), 
trap formation, and delamination pathways (C60/SnOx).119 Cell-
integrated bypass concepts offer a complementary device-level 
route, though their extension to tandems with multiple RJs 
remains to be demonstrated.120

At present, simplified RJ stacks based on ALD-SnO2, robust 
TCOs, and chemically stable SAM layers appear most promising 
candidates for tandem modules, as these materials currently 
offer the best balance between optical transparency, process 
compatibility, scalability, and operational stability. The broader 
benchmark compiled in Table S1 reinforces this conclusion. 
Across 79 representative multijunction reports, the highest 
efficiencies are often not associated with RJ-specific innovation. 
Many record devices rely on established TCO/SAM or 
C60/SnOX/conductive-layer/HTL backbones, while performance 
is improved through absorber development. Genuinely new RJ 
concepts remain less mature in area, stability or performance. 
A systematic reporting gap is also revealed: RJ-specific 
parameters are rarely isolated. The field therefore needs to 
report RJ-resolved metrics that can be compared across 
architectures and translated to module qualification targets.

Because RJ performance is rarely reported as a standalone 
metric, only approximate target ranges can currently be 
proposed. As a practical benchmark, the contact resistivity 
should not exceed 1 Ω cm² per RJ. For comparison, III-V tunnel 
junctions achieve 10-4 Ω cm².121 Perovskite RJ values remain 
orders of magnitude higher.91 Optical losses from each RJ 
should be kept below 0.5 mA/cm² current loss, consistent with 
15-20 nm C60 or PCBM/SnO2/ZTO stack loss.122 RJ ITO below 20 
nm can also recover >1 mA/cm² through reflection 
optimization.123 Mechanical integrity should be reported 
alongside optical and electrical losses, since weak multilayer 
interfaces fail during thermal cycling, scribing, lamination and 
module integration. For C60/SnO2 stacks, the interface fracture 
energy has been measured at only 1.2 J/m²,124 a weak point 
under thermal-cycling and outdoor-relevant stress, with similar 
concerns for perovskite/SAM interfaces.107,124,125 Targeted 
interface engineering can raise this to 160 J/m², demonstrating 
deliberate mechanical robustness is achievable.124 These values 
represent approximate benchmarks until RJ-specific protocols 
are standardized.126
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Figure 4: Roadmap for scalable recombination junctions in perovskite multijunction photovoltaics. A) Emerging RJ materials and processing strategies are grouped by current 
validation level: Tier 1, validated and scalable approaches already used in record-class or module-relevant devices; Tier 2, functional approaches with unresolved process 
reproducibility, or scale-up limitations; and Tier 3, concepts requiring broader validation in large-area, high-efficiency, cross-family, or 3J+ devices, or remain long-term and proof-
of-concept directions. B) Candidate strategies should converge toward simplified 2-3-layer multifunctional RJs. C) These designs must pass RJ-specific qualifications for device 
performance, reliability validation, and industrial compatibility. D) Early commercial deployment is expected first in applications where high power per area or power per weight is 
critical. RJ-resolved analysis and modelling provide feedback for RJ design. The epitaxial growth figure is reproduced from ref. 127 with permission from AAAS127, copyright 2025. 
The soft sputter figure is reproduced from ref. 74 with permission from Elsevier74, copyright 2026. The C60/SnO2 image is reproduced from ref. 91 with permission from Springer 
Nature91, copyright2020.

Potential Development Areas
Research must advance beyond single-function ETLs and HTLs 
toward multifunctional materials that combine charge-selective 
transport, passivation of defects, and protection of underlying 
layers while maintaining optical transparency, energetic 
alignment, high stability, processing compatibility with adjacent 
layers, as well as functionality at both interfaces.128–131 The 
emerging materials discussed above must now be subjected to 
systematic screening under operational conditions, focused on 
potential RJ-specific failure modes, for example, fracture 
energies or adhesion of RJ materials, halide diffusion into the RJ 
after illumination and temperature cycling, the redox stability 
under bias and illumination, or current-mismatch tolerance 
under varying spectral mismatch. The key will be standardized 

protocols enabling meaningful comparison across architectures 
with explicit RJ structures. 

Reducing RJ stacks to 2–3 layers while preserving device 
performance is essential for scalable multijunction 
architectures. Strategies include combining buffer and 
passivation layers, which protect from subsequent layer 
processes, such as sputtering or PEDOT:PSS solution, while 
simultaneously passivating the surface of the underlying layer. 
Leveraging epitaxial growth to create atomically coherent 
interfaces between LDPs and perovskites could be an option to 
achieve that.127,132,133 Another option could be removing C60 
entirely and relying on just SnO2, as demonstrated in single 
junction cells.30 Building on the nucleation-promoting 
interlayers discussed above, an alternative route is 
oxidized/functionalized C60 for high-quality direct ALD TCO 
growth.32
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Direct LDP heterojunctions have not yet been demonstrated in 
perovskite multijunction RJs, either at the 3D absorber/RJ 
interface or as intra-RJ LDP-LDP stacks. Exploring these 
alongside other unconventional architectures, such as LDP-SAM, 
TCO-SAM, or SAM-SAM heterojunctions, using orthogonal 
processing strategies such as gas-phase deposition or solubility-
mismatched solution routes, could open pathways toward 
more integrated RJ architectures with fewer interfacial 
constraints. We group them among tier 3 strategies, although 
they remain long-term visions and proof-of-concept is still 
required.

For 3J+ devices, reducing cumulative RJ complexity will become 
increasingly important. Near-term routes include soft-
sputtering protocols and co-optimization of optical 
management with RJ design, particularly where current-
matching constraints are severe.74,134,135 Longer-term directions 
include ultrathin or fully organic RJs, direct TCO/perovskite 
contacts, and SAM-based heterointerfaces enabled by 
orthogonal processing. Alternative processing routes, including 
substrate-configured architectures,113 may also reduce 
repeated exposure of fragile perovskite compositions and 
buried RJs to solvent, thermal, or plasma-induced stress.

III–V multijunction photovoltaics offer benchmark design 
principles in tunnel-junction design, stress management, 
junction isolation and interface-resolved reliability, while 
organic photovoltaics provide complementary lessons in 
interfacial engineering.136 Although direct epitaxy and graded 
doping are only partially transferable to perovskites,137 useful 
concepts include minimizing RJ widths through controlled layer 
growth and adapting accelerated aging protocols, such as 
TC200, DH1000 and 1000 h MPPT, for RJ-specific 
qualification.138–141 The discussed strategies, milestones, and 
commercialization targets are summarized in Figure 4.

Advancing RJ designs fundamentally involves dedicated 
characterization techniques for its specific contribution to the 
full solar cell. Suns-VOC measurements with selective sub-cell 
illumination can identify shunting pathways through the RJ.86 
Hyperspectral photoluminescence imaging maps quasi-Fermi 
level splitting with spatial resolution, revealing losses at the RJ 
interface.142 Cross-sectional transmission electron microscopy 
combined with energy-dispersive X-ray spectroscopy provides 
direct visualization of the RJ layer at the nanometer scale.143 
Emerging techniques, such as transient surface photovoltage 
(tr-SPV) spectroscopy, can probe charge carrier dynamics at the 
RJ interfaces,144 while spectroscopic ellipsometry can be used to 
quantify RJ layer-specific parasitic absorption.145 Solid 
characterization protocols will be essential for meaningful 
comparison between the diverse landscape of RJ architectures, 
and simulations such as transfer-matrix optical modelling must 
be included to optimize RJs fully.42,146

Summary
Recombination junctions are the decisive bottleneck in the 
advancement of perovskite multijunction solar cells. They not 

only connect sub-cells electrically and optically but also dictate 
manufacturing viability and long-term reliability of 
multijunction architectures. Current multilayer architectures, 
from TCO-based stacks to ultrathin metals, GO interlayers, and 
SAM contacts, have enabled record efficiencies, yet fall short 
under the compounding demands of scale-up, parasitic 
absorption, and operational stability.

This perspective has highlighted that the challenge is not merely 
additive, but each additional junction multiplies the number of 
interfaces, tightens processing windows, and compounds 
failure modes in ways that cannot be addressed by optimizing 
individual layers in isolation. The field’s current trajectory of 
adding layers to protect previous ones is pragmatic but 
ultimately unsustainable as junction counts increase. The path 
forward demands multifunctional layers and reduced stack 
complexity, with materials being designed for the full stack 
rather than being retrofitted into it, and RJ designs validated not 
just for peak efficiency but for yield, reproducibility, and 
lifetime.

We identify three critical milestones to signal genuine readiness 
for commercialization: i) demonstrating reliable large-area 
multijunction cells (>1 cm²), ii) validating long-term reliability 
under operational stress and RJ-specific accelerated aging 
protocols that decouple RJ-degradation from absorber-
degradation, and iii) ensuring industrial compatibility with 
scalable, cost-effective processes and materials. Cross-learning 
from III-V and organic photovoltaics can inform this effort, but 
only where parallels are genuine or transferable.

In conclusion, we anticipate that more junctions will eventually 
deliver, but only if the community treats interconnection 
engineering with the same intensity and rigor currently applied 
to absorber optimization. The RJ is the structural, chemical, and 
electronic backbone of every multijunction device. Its design 
will ultimately determine whether perovskite multijunction 
cells remain laboratory achievements or become a 
manufacturing reality.

Author contributions
R.H.: Writing - original draft, review & editing, Conceptualization, 
Visualization, Investigation. S.K.: Writing - review & editing, 
Visualization, Investigation. D.I.: Investigation. C.C.: Writing - review 
& editing. D.Z.: Writing - review & editing. S.L.: Writing - original 
draft, review & editing, Supervision, Funding acquisition. E.A.: 
Writing original draft, review & editing, Supervision, and funding 
acquisition.

Conflicts of interest
There are no conflicts to declare.

Acknowledgements
Funded by the Deutsche Forschungsgemeinschaft (DFG, 
German Research Foundation) under Germany’s Excellence 

Page 10 of 15Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 3
:1

7:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6EE01631F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ee01631f


ARTICLE Journal Name

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Strategy – EXC 2089/2 – 390776260. This work is funded by the 
European Research Council (ERC) under the European Union's 
Horizon Europe Research and Innovation Program 
(INPERSPACE, Grant Agreement No. 101077006). This project 
was partially supported by LMUexcellent, funded by the Federal 
Ministry of Research, Technology, and Space (BMFTR) and the 
Free State of Bavaria under the Excellence Strategy of the 
Federal Government and States. Claude AI was used to assist in 
drafting figures, revising text, and performing literature 
searches. Figure icons were sourced from Flaticon.com.

References

1 Z. Yang, Z. Yu, H. Wei, X. Xiao, Z. Ni, B. Chen, Y. Deng, S. N. 
Habisreutinger, X. Chen, K. Wang, J. Zhao, P. N. Rudd, J. J. Berry, M. C. 
Beard and J. Huang, Nat. Commun., 2019, 10, 4498.

2 W. Li, J. Zhang, L. Zeng, W. Wang, Z. Fang, X. Liu, Z. Ma, Y. Zhang, H. 
Yan, C. Shen, Z. Xue, J. Zhu, Q. Luo, C. Liu, R. Jiang, T. Bu, W. Tang, J. Li, 
S. Wang, J. Gong and X. Xiao, Nat. Commun., 2025, 17, 711.

3 Z. Jia, X. Guo, X. Yin, M. Sun, J. Qiao, X. Jiang, X. Wang, Y. Wang, Z. 
Dong, Z. Shi, C.-H. Kuan, J. Hu, Q. Zhou, X. Jia, J. Chen, Z. Wei, S. Liu, H. 
Liang, N. Li, L. K. Lee, R. Guo, S. V. Roth, P. Müller-Buschbaum, X. Hao, 
X. Du and Y. Hou, Nature, 2025, 643, 104–110.

4 J. Liu, Y. He, L. Ding, H. Zhang, Q. Li, L. Jia, J. Yu, T. W. Lau, M. Li, Y. Qin, 
X. Gu, F. Zhang, Q. Li, Y. Yang, S. Zhao, X. Wu, J. Liu, T. Liu, Y. Gao, Y. 
Wang, X. Dong, H. Chen, P. Li, T. Zhou, M. Yang, X. Ru, F. Peng, S. Yin, 
M. Qu, D. Zhao, Z. Zhao, M. Li, P. Guo, H. Yan, C. Xiao, P. Xiao, J. Yin, X. 
Zhang, Z. Li, B. He and X. Xu, Nature, 2024, 635, 596–603.

5 E. Ugur, A. A. Said, P. Dally, S. Zhang, C. E. Petoukhoff, D. Rosas-Villalva, 
S. Zhumagali, B. K. Yildirim, A. Razzaq, S. Sarwade, A. Yazmaciyan, D. 
Baran, F. Laquai, C. Deger, I. Yavuz, T. G. Allen, E. Aydin and S. de Wolf, 
Science (New York, N.Y.), 2024, 385, 533–538.

6 T. G. Allen, E. Ugur, E. Aydin, A. S. Subbiah and S. de Wolf, ACS Energy 
Lett., 2025, 10, 238–245.

7 O. Er-raji, C. Messmer, O. Fischer, M. Mahmoud, A. J. Bett, B. P. Kore, 
M. Bivour, F. Schindler, J. Schön, M. Hermle, M. C. Schubert, J. 
Borchert, S. W. Glunz and P. S. C. Schulze, eds., Perovskite Silicon 
Tandem Solar Cells with 39.5% Power Conversion Efficiency: Science or 
Fiction?, IEEE, 2024.

8 Y. Wang, R. Lin, C. Liu, X. Wang, C. Chosy, Y. Haruta, A. D. Bui, M. Li, H. 
Sun, X. Zheng, H. Luo, P. Wu, H. Gao, W. Sun, Y. Nie, H. Zhu, K. Zhou, H. 
T. Nguyen, X. Luo, L. Li, C. Xiao, M. I. Saidaminov, S. D. Stranks, L. Zhang 
and H. Tan, Nature, 2024, 635, 867–873.

9 R. Lin, H. Gao, J. Lou, J. Xu, M. Yin, P. Wu, C. Liu, Y. Guo, E. Wang, S. 
Yang, R. Liu, D. Zhou, C. Ding, A. D. Bui, N. Yin, D. H. Macdonald, C.-Q. 
Ma, Q. Chen, K. Xiao, X. Luo, Y. Liu, L. Li, Y. Li, C. Chang and H. Tan, 
Nature, 2025, 648, 600–606.

10 S. Hu, J. Wang, P. Zhao, J. Pascual, J. Wang, F. Rombach, A. Dasgupta, 
W. Liu, M. A. Truong, H. Zhu, M. Kober-Czerny, J. N. Drysdale, J. A. 
Smith, Z. Yuan, G. J. W. Aalbers, N. R. M. Schipper, J. Yao, K. Nakano, S.-
H. Turren-Cruz, A. Dallmann, M. G. Christoforo, J. M. Ball, D. P. 
McMeekin, K.-A. Zaininger, Z. Liu, N. K. Noel, K. Tajima, W. Chen, M. 
Ehara, R. A. J. Janssen, A. Wakamiya and H. J. Snaith, Nature, 2025, 
639, 93–101.

11 S. Liu, Y. Lu, C. Yu, J. Li, R. Luo, R. Guo, H. Liang, X. Jia, X. Guo, Y.-D. 
Wang, Q. Zhou, X. Wang, S. Yang, M. Sui, P. Müller-Buschbaum and Y. 
Hou, Nature, 2024, 628, 306–312.

12 M. A. Green, E. D. Dunlop, M. Yoshita, N. Kopidakis, K. Bothe, G. Siefer, 
X. Hao and J. Y. Jiang, Progress in Photovoltaics, 2025, 33, 795–810.

13 M. de Bastiani, A. S. Subbiah, E. Aydin, F. H. Isikgor, T. G. Allen and S. de 
Wolf, Mater. Horiz., 2020, 7, 2791–2809.

14 Q. Zhang, X. Chen, E. L. Lim, L. Shi and Z. Wei, Energy Environ. Sci., 
2025, 18, 3060–3084.

15 J. Lim, N.-G. Park, S. Il Seok and M. Saliba, Energy Environ. Sci., 2024, 
17, 4390–4425.

16 M. Zhang and Z. Lin, Energy Environ. Sci., 2022, 15, 3152–3170.
17 W. Chi, S. K. Banerjee, K. G. D. I. Jayawardena, S. R. P. Silva and S. I. 

Seok, ACS Energy Lett., 2023, 8, 1535–1550.
18 Y. Shi, J. J. Berry and F. Zhang, ACS Energy Lett., 2024, 9, 1305–1330.
19 Y. Son, J. Lim, A. K. Le, B.-S. Kim, S. Song and H. Kim, Mater. Chem. 

Front., 2026, 10, 21–51.
20 Y. Shao, D. Zheng, L. Liu, J. Liu, M. Du, L. Peng, K. Wang and S. Liu, ACS 

Energy Lett., 2024, 9, 4892–4921.
21 C. Dong, S. Yan, D. Liu, Y. Zhu, C. Chen and J. Tang, Adv. Energy Mater., 

2025, 15, 2404628.
22 A. F. Palmstrom, G. E. Eperon, T. Leijtens, R. Prasanna, S. N. 

Habisreutinger, W. Nemeth, E. A. Gaulding, S. P. Dunfield, M. Reese, S. 
Nanayakkara, T. Moot, J. Werner, J. Liu, B. To, S. T. Christensen, M. D. 
McGehee, M. F. van Hest, J. M. Luther, J. J. Berry and D. T. Moore, 
Joule, 2019, 3, 2193–2204.

23 E. Aydin, C. Altinkaya, Y. Smirnov, M. A. Yaqin, K. P. Zanoni, A. Paliwal, 
Y. Firdaus, T. G. Allen, T. D. Anthopoulos, H. J. Bolink, M. Morales-Masis 
and S. de Wolf, Matter, 2021, 4, 3549–3584.

24 E. Aydin, J. Liu, E. Ugur, R. Azmi, G. T. Harrison, Y. Hou, B. Chen, S. 
Zhumagali, M. de Bastiani, M. Wang, W. Raja, T. G. Allen, A. u. Rehman, 
A. S. Subbiah, M. Babics, A. Babayigit, F. H. Isikgor, K. Wang, E. van 
Kerschaver, L. Tsetseris, E. H. Sargent, F. Laquai and S. de Wolf, Energy 
Environ. Sci., 2021, 14, 4377–4390.

25 C. C. Boyd, R. C. Shallcross, T. Moot, R. Kerner, L. Bertoluzzi, A. Onno, S. 
Kavadiya, C. Chosy, E. J. Wolf, J. Werner, J. A. Raiford, C. de Paula, A. F. 
Palmstrom, Z. J. Yu, J. J. Berry, S. F. Bent, Z. C. Holman, J. M. Luther, E. 
L. Ratcliff, N. R. Armstrong and M. D. McGehee, Joule, 2020, 4, 1759–
1775.

26 I. S. Yang, Y. J. Park, Y. Hwang, H. C. Yang, J. Kim and W. in Lee, 
Nanomaterials (Basel, Switzerland), 2022, 12, 3969.

27 Di Huang, T. Goh, J. Kong, Y. Zheng, S. Zhao, Z. Xu and A. D. Taylor, 
Nanoscale, 2017, 9, 4236–4243.

28 S. Fu, N. Sun, Y. Xian, L. Chen, Y. Li, C. Li, A. Abudulimu, P. N. 
Kaluarachchi, Z. Huang, X. Wang, K. Dolia, D. S. Ginger, M. J. Heben, R. 
J. Ellingson, B. Chen, E. H. Sargent, Z. Song and Y. Yan, Joule, 2024, 8, 
2220–2237.

29 R. Lin, K. Xiao, Z. Qin, Q. Han, C. Zhang, M. Wei, M. I. Saidaminov, Y. 
Gao, J. Xu, M. Xiao, A. Li, J. Zhu, E. H. Sargent and H. Tan, Nat. Energy, 
2019, 4, 864–873.

30 D. Gao, B. Li, Q. Liu, C. Zhang, Z. Yu, S. Li, J. Gong, L. Qian, F. Vanin, K. 
Schutt, M. A. Davis, A. F. Palmstrom, S. P. Harvey, N. J. Long, J. M. 
Luther, X. C. Zeng and Z. Zhu, Science (New York, N.Y.), 2024, 386, 187–
192.

31 D. Choi, D. Shin, C. Li, Y. Liu, A. S. Bati, D. E. Kachman, Y. Yang, J. Li, Y. J. 
Lee, M. Li, S. Penukula, B. Da Kim, H. Shin, C.-H. Chen, S. M. Park, C. Liu, 
A. Maxwell, H. Wan, N. Rolston, E. H. Sargent and B. Chen, Joule, 2025, 
9, 101801.

32 S. A. Johnson, K. P. White, J. Tong, S. You, A. Magomedov, B. W. Larson, 
D. Morales, R. Bramante, E. Dunphy, R. Tirawat, C. L. Perkins, J. 
Werner, G. Lahti, C. Velez, M. F. Toney, K. Zhu, M. D. McGehee, J. J. 
Berry and A. F. Palmstrom, Joule, 2023, 7, 2873–2893.

33 J. Li, G. Chai and X. Wang, Int. J. Extrem. Manuf., 2023, 5, 32003.

Page 11 of 15 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 3
:1

7:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6EE01631F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ee01631f


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11

Please do not adjust margins

Please do not adjust margins

34 T. Shen, J. Wang, C. Yuan, L. Bi, X. Huang, F. R. Lin, Q. Fu and A. K.-Y. 
Jen, Adv. Mater., 2026, e21878.

35 N. Ren, C. Zhu, R. Li, S. Mazumdar, C. Sun, B. Chen, Q. Xu, P. Wang, B. 
Shi, Q. Huang, S. Xu, T. Li, Y. Zhao and X. Zhang, Appl. Phys. Lett., 2022, 
121.

36 O. Erken, O. M. Ozkendir, M. Gunes, E. Harputlu, C. Ulutas and C. 
Gumus, Ceram. Int., 2019, 45, 19086–19092.

37 L. Kavan, Catal. Today, 2019, 328, 50–56.
38 K. A. Bush, A. F. Palmstrom, Z. J. Yu, M. Boccard, R. Cheacharoen, J. P. 

Mailoa, D. P. McMeekin, R. L. Z. Hoye, C. D. Bailie, T. Leijtens, I. M. 
Peters, M. C. Minichetti, N. Rolston, R. Prasanna, S. Sofia, D. Harwood, 
W. Ma, F. Moghadam, H. J. Snaith, T. Buonassisi, Z. C. Holman, S. F. 
Bent and M. D. McGehee, Nat. Energy, 2017, 2, 17009.

39 H. M. Pham, S. D. H. Naqvi, H. Tran, H. van Tran, J. Delda, S. Hong, I. 
Jeong, J. Gwak and S. Ahn, Nanomaterials (Basel, Switzerland), 2023, 
13, 3091.

40 M. de Bastiani, G. Armaroli, R. Jalmood, L. Ferlauto, X. Li, R. Tao, G. T. 
Harrison, M. K. Eswaran, R. Azmi, M. Babics, A. S. Subbiah, E. Aydin, T. 
G. Allen, C. Combe, T. Cramer, D. Baran, U. Schwingenschlögl, G. 
Lubineau, D. Cavalcoli and S. de Wolf, ACS Energy Lett., 2022, 7, 827–
833.

41 F. Xu, E. Aydin, J. Liu, E. Ugur, G. T. Harrison, L. Xu, B. Vishal, B. K. 
Yildirim, M. Wang, R. Ali, A. S. Subbiah, A. Yazmaciyan, S. Zhumagali, W. 
Yan, Y. Gao, Z. Song, C. Li, S. Fu, B. Chen, A. ur Rehman, M. Babics, A. 
Razzaq, M. de Bastiani, T. G. Allen, U. Schwingenschlögl, Y. Yan, F. 
Laquai, E. H. Sargent and S. de Wolf, Joule, 2024, 8, 224–240.

42 S. Kar, K. Kaushal, N. Yantara and S. G. Mhaisalkar, ACS Photonics, 
2022, 9, 3196–3214.

43 F. Ye, S. Zhang, J. Warby, J. Wu, E. Gutierrez-Partida, F. Lang, S. Shah, E. 
Saglamkaya, B. Sun, F. Zu, S. Shoaee, H. Wang, B. Stiller, D. Neher, W.-
H. Zhu, M. Stolterfoht and Y. Wu, Nat. Commun., 2022, 13, 7454.

44 R. K. Gunasekaran, J. Jung, S. W. Yang, D. Im, W. C. Choi, Y. Yun and S. 
Lee, ACS Energy Lett., 2024, 9, 102–109.

45 J. Warby, F. Zu, S. Zeiske, E. Gutierrez-Partida, L. Frohloff, S. Kahmann, 
K. Frohna, E. Mosconi, E. Radicchi, F. Lang, S. Shah, F. Peña-Camargo, H. 
Hempel, T. Unold, N. Koch, A. Armin, F. D. Angelis, S. D. Stranks, D. 
Neher and M. Stolterfoht, Adv. Energy Mater., 2022, 12, 2103567.

46 C. Quarti, F. D. Angelis and D. Beljonne, Chem. Mater., 2017, 29, 958–
968.

47 X. Chen, P. Xu, Q. Wang, W. Hui, B. Fan, L. Song, X. Xu, Y. Wu and Q. 
Peng, Adv. Funct. Mater., 2025, e30794.

48 M. R. Fitzsimmons, B. Roose, Y. Han, T. Kang, Y.-H. Chiang, C.-S. Huang, 
Y. Lu, T. C.-J. Yang, C. Chosy, S. Guan, M. Anaya and S. D. Stranks, ACS 
Energy Lett., 2025, 10, 713–725.

49 M. Lee, J. Lim, E. Choi, A. M. Soufiani, S. Lee, F.-J. Ma, S. Lim, J. Seidel, 
D. H. Seo, J.-S. Park, W. Lee, J. Lim, R. F. Webster, J. Kim, D. Wang, M. 
A. Green, D. Kim, J. H. Noh, X. Hao and J. S. Yun, Adv. Mater., 2024, 36, 
e2402053.

50 M. Azhar, D. T. Cuzzupè, Y. Yalcinkaya, M. I. Haider, E. R. Schütz, S. M. 
Schupp, Y. A. Temitmie, R. Hooijer, E. Aydin and L. Schmidt-Mende, ACS 
applied materials & interfaces, 2025, 17, 58501–58511.

51 A. Wörnhör, S. Kumar, D. Burkhardt, J. Schönauer, S. Pingel, I. V. 
Vulcanean, A. Steinmetz, S. Rein and M. Demant, Sol. Energy Mater. 
Sol. Cells, 2025, 285, 113541.

52 J. Tong, Z. Song, D. H. Kim, X. Chen, C. Chen, A. F. Palmstrom, P. F. 
Ndione, M. O. Reese, S. P. Dunfield, O. G. Reid, J. Liu, F. Zhang, S. P. 
Harvey, Z. Li, S. T. Christensen, G. Teeter, D. Zhao, M. M. Al-Jassim, M. 
F. A. M. van Hest, M. C. Beard, S. E. Shaheen, J. J. Berry, Y. Yan and K. 
Zhu, Science (New York, N.Y.), 2019, 364, 475–479.

53 J. Tian, C. Liu, K. Forberich, A. Barabash, Z. Xie, S. Qiu, J. Byun, Z. Peng, 
K. Zhang, T. Du, S. Sathasivam, T. J. Macdonald, L. Dong, C. Li, J. Zhang, 

M. Halik, V. M. Le Corre, A. Osvet, T. Heumüller, N. Li, Y. Zhou, L. Lüer 
and C. J. Brabec, Nat. Commun., 2025, 16, 154.

54 K. Domanski, J.-P. Correa-Baena, N. Mine, M. K. Nazeeruddin, A. Abate, 
M. Saliba, W. Tress, A. Hagfeldt and M. Grätzel, ACS Nano, 2016, 10, 
6306–6314.

55 E. Nouri, M. R. Mohammadi and P. Lianos, ACS Omega, 2018, 3, 46–54.
56 J. Cameron and P. J. Skabara, Mater. Horiz., 2020, 7, 1759–1772.
57 S. Jung, Y. Jang, H. Jung, Y. Kim, E. Son, S. Jeong, Y. Zhang, J. Kang, J. M. 

Baik, J. Lu and H. Park, Energy Environ. Sci., 2025, 18, 6076–6084.
58 Y. Jing, C. Gong, A. Shen, J. Yuan, W. Huang, W. Lv, R. Chen and L. Xu, J. 

Phys. Chem. Lett., 2025, 16, 5258–5264.
59 Z. Yang, Z. Fang, J. Sheng, Z. Ling, Z. Liu, J. Zhu, P. Gao and J. Ye, 

Nanoscale Res. Lett., 2017, 12, 26.
60 J. Wang, M. A. Uddin, B. Chen, X. Ying, Z. Ni, Y. Zhou, M. Li, M. Wang, Z. 

Yu and J. Huang, Adv. Energy Mater., 2023, 13, 2204115.
61 J. B. Landgraf, Y. Gupta, A. Prasetio, S. Lange, C. Messmer, C. Schwarz, 

O. Fischer, S. Chanthalavong, O. Er-raji, M. B. Camarada, S. de Wolf, P. 
S. C. Schulze, A. Fischer, S. W. Glunz and J. Borchert, Adv. Funct. 
Mater., 2025, e08186.

62 T. S. Le, I. A. Chuyko, L. O. Luchnikov, E. A. Ilicheva, P. K. Sukhorukova, 
D. O. Balakirev, N. S. Saratovsky, A. O. Alekseev, S. S. Kozlov, D. S. 
Muratov, V. A. Voronov, P. A. Gostishchev, D. A. Kiselev, T. S. Ilina, A. A. 
Vasilev, A. Y. Polyakov, E. A. Svidchenko, O. A. Maloshitskaya, Y. N. 
Luponosov and D. S. Saranin, Solar RRL, 2024, 8.

63 Z. Peng, Z. Zuo, Q. Qi, S. Hou, Y. Fu and D. Zou, ACS Appl. Energy 
Mater., 2023, 6, 1396–1403.

64 R. Das Adhikari, H. Baishya, M. J. Patel, D. Yadav and P. K. Iyer, Small 
(Weinheim an der Bergstrasse, Germany), 2024, 20, e2404588.

65 J. A. Raiford, C. C. Boyd, A. F. Palmstrom, E. J. Wolf, B. A. Fearon, J. J. 
Berry, M. D. McGehee and S. F. Bent, Adv. Energy Mater., 2019, 9, 
1902353.

66 A. Al-Ashouri, E. Köhnen, B. Li, A. Magomedov, H. Hempel, P. 
Caprioglio, J. A. Márquez, A. B. Morales Vilches, E. Kasparavicius, J. A. 
Smith, N. Phung, D. Menzel, M. Grischek, L. Kegelmann, D. Skroblin, C. 
Gollwitzer, T. Malinauskas, M. Jošt, G. Matič, B. Rech, R. Schlatmann, 
M. Topič, L. Korte, A. Abate, B. Stannowski, D. Neher, M. Stolterfoht, T. 
Unold, V. Getautis and S. Albrecht, Science (New York, N.Y.), 2020, 370, 
1300–1309.

67 K. Zhao, Q. Liu, L. Yao, C. Değer, J. Shen, X. Zhang, P. Shi, Y. Tian, Y. Luo, 
J. Xu, J. Zhou, D. Jin, S. Wang, W. Fan, S. Zhang, S. Chu, X. Wang, L. Tian, 
R. Liu, L. Zhang, I. Yavuz, H.-F. Wang, D. Yang, R. Wang and J. Xue, 
Nature, 2024, 632, 301–306.

68 Z. Dai, S. K. Yadavalli, M. Chen, A. Abbaspourtamijani, Y. Qi and N. P. 
Padture, Science (New York, N.Y.), 2021, 372, 618–622.

69 H. Tang, Z. Shen, Y. Shen, G. Yan, Y. Wang, Q. Han and L. Han, Science 
(New York, N.Y.), 2024, 383, 1236–1240.

70 B. P. Kore, O. Er-raji, O. Fischer, A. Callies, O. Schultz-Wittmann, P. S. C. 
Schulze, M. Bivour, S. de Wolf, S. W. Glunz and J. Borchert, Energy 
Environ. Sci., 2025, 18, 354–366.

71 H. Zhong, Y. Wang, L. Hou, X. Song and F. Zhang, ACS applied materials 
& interfaces, 2025, 17, 50168–50190.

72 R. Hooijer, S. Kim, S. Klenk, H. Zhu, C. Yilmaz, Y. Yalcinkaya, D. Im, A. S. 
Backeberg, J. Huang, M. Bouraoui, A. Buyruk, E. Ugur, C. Maheu, A. 
Hartschuh, F. Laquai, L. Schmidt-Mende, G. S. Duesberg, S. Lee and E. 
Aydin, Adv. Energy Mater., 2026, e70962.

73 M. Heydarian, M. Heydarian, P. Schygulla, S. K. Reichmuth, A. J. Bett, J. 
Hohl-Ebinger, F. Schindler, M. Hermle, M. C. Schubert, P. S. C. Schulze, 
J. Borchert and S. W. Glunz, Energy Environ. Sci., 2024, 17, 1781–1818.

74 S. Subramaniam, M. I. Pintor Monroy, D. P. Singh, T. Conard, H. 
Billington, W. Song, F. Berghmans, S. Musibau, A. B. Siddik, A. S. Shaikh, 

Page 12 of 15Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 3
:1

7:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6EE01631F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ee01631f


ARTICLE Journal Name

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

R. Gehlhaar, T. Aernouts, J. Poortmans, Y. Kuang and J. Genoe, Mater. 
Sci. Semicond. Process., 2026, 206, 110429.

75 S. Wang, W. Li, C. Yu, W. Shi, Q. Kang, F. Cao, K. Gao, L. Yang, B. Yang, J. 
Zhou, S. Yang, Q. Wang, Q. Fei, X. Chen, G. Chen, P. Chen, Z. Li, W.-C. 
Hsu, Z. Yan, Y. Bai, W. Liu, S. de Wolf, X. Yang and X. Zhang, Nature, 
2026, 649, 59–64.

76 W. Li, X. Liu, J. Zhang, H. Wang, C. Yuan, S. Lin, C. Chen, C. Shen, J. Tang, 
J. Li, T. Bu, S. Wang, Y. Jiang, X. Xiao and J. Gong, Adv. Mater., 2025, 37, 
e2417094.

77 E. Magliano, F. Di Giacomo, H. R. Sathy, S. M. Pourmotlagh, G. Giliberti, 
D. Becerril Rodriguez, G. Ammirati, P. Mariani, F. Zarotti, F. Matteocci, 
M. Luce, I. Usatii, E. Bobeico, M. Della Noce, A. Cricenti, F. Cappelluti, L. 
V. Mercaldo, P. Delli Veneri and A. Di Carlo, ACS applied materials & 
interfaces, 2025, 17, 17599–17610.

78 M. Heydarian, G. Loukeris, M. Bivour, C. Messmer, M. Heydarian, O. 
Fischer, C. Baretzky, A. J. Bett, E. Gevais, M. F. U. D. Masood, S. Kosar, 
S. de Wolf, F. Schindler, M. C. Schubert, M. Kohlstädt, J. Borchert, U. 
Würfel, P. S. C. Schulze, A. W. Bett and S. W. Glunz, Small (Weinheim 
an der Bergstrasse, Germany), 2025, 21, e11646.

79 M. Hanser, S. Ghasemi, A. Richter, J.-I. Polzin, A. Damm, O. Fischer, M. 
Heydarian, O. Er-raji, P. S. C. Schulze, P. Llontop, Z. Eftekhari, M. 
Morales-Masis, R. Saive, J. Benick, J. Borchert, M. Bivour and S. W. 
Glunz, Solar RRL, 2026, 10, e202500942.

80 J. Werner, A. Walter, E. Rucavado, S.-J. Moon, D. Sacchetto, M. 
Rienaecker, R. Peibst, R. Brendel, X. Niquille, S. de Wolf, P. Löper, M. 
Morales-Masis, S. Nicolay, B. Niesen and C. Ballif, Appl. Phys. Lett., 
2016, 109, 233902.

81 A. E. Shalan, A. N. El-Shazly, M. M. Rashad and N. K. Allam, Nanoscale 
Adv., 2019, 1, 2654–2662.

82 Y. Numata, R. Ishikawa, Y. Sanehira, A. Kogo, H. Shirai and T. Miyasaka, 
J. Mater. Chem. A, 2018, 6, 9583–9591.

83 G. Yin, J. Ma, H. Jiang, J. Li, D. Yang, F. Gao, J. Zeng, Z. Liu and S. F. Liu, 
ACS applied materials & interfaces, 2017, 9, 10752–10758.

84 B. Chen, Z. Yu, A. Onno, Z. Yu, S. Chen, J. Wang, Z. C. Holman and J. 
Huang, Sci. Adv., 2022, 8, eadd0377.

85 J. Wu, H. Lin, D. J. Moss, K. P. Loh and B. Jia, Nat. Rev. Chem., 2023, 7, 
162–183.

86 S. Chozas-Barrientos, A. Paliwal, F. Ventosinos, C. Roldán-Carmona, L. 
Gil-Escrig, V. Held, P. Carroy, D. Muñoz and H. J. Bolink, ACS Energy 
Lett., 2025, 10, 1733–1740.

87 X. Wang, L. Jin, A. Sergeev, W. Liu, S. Gu, N. Li, K. Fan, S.-C. Chen, K. S. 
Wong, X. Sun and N. Zhao, Sci. Adv., 2023, 9, eadj3476.

88 S. Gharibzadeh, B. Abdollahi Nejand, M. Jakoby, T. Abzieher, D. 
Hauschild, S. Moghadamzadeh, J. A. Schwenzer, P. Brenner, R. 
Schmager, A. A. Haghighirad, L. Weinhardt, U. Lemmer, B. S. Richards, 
I. A. Howard and U. W. Paetzold, Adv. Energy Mater., 2019, 9, 1803699.

89 L. Mao, W. Ke, L. Pedesseau, Y. Wu, C. Katan, J. Even, M. R. 
Wasielewski, C. C. Stoumpos and M. G. Kanatzidis, J. Am. Chem. Soc., 
2018, 140, 3775–3783.

90 P. Wu, J. Wen, Y. Wang, Z. Liu, R. Lin, H. Li, H. Luo and H. Tan, Adv. 
Energy Mater., 2022, 12, 2202948.

91 Z. Yu, Z. Yang, Z. Ni, Y. Shao, B. Chen, Y. Lin, H. Wei, Z. J. Yu, Z. Holman 
and J. Huang, Nat. Energy, 2020, 5, 657–665.

92 C. Kan, P. Hang, S. Wang, B. Li, X. Yu, X. Yang, Y. Yao, W. Shi, S. de Wolf, 
J. Yin, D. Zhang, D. Ding, C. Yu, S. Yang, J. Zhang, J. Yao, X. Zhang and D. 
Yang, Nat. Photon., 2025, 19, 63–70.

93 J. Liu, B. Shi, Q. Xu, Y. Li, Y. Li, P. Liu, Z. SunLi, X. Wang, C. Sun, W. Han, 
D. Li, S. Wang, D. Zhang, G. Li, X. Du, Y. Zhao and X. Zhang, Nanomicro 
Lett., 2024, 16, 189.

94 B. Zhang, J. Luo, H. Yin, Q. Li, S. Sun, N. Zhang, N. Gan, M. Azam, T. W. 
Park, Z. Wan, C. Jia, M. Wei and S. M. Park, Science (New York, N.Y.), 
2025, 390, 837–842.

95 D. Zhang, T. Wu, B. Li, D. Ding, R. Li, J. Wei, H. Zhang, C. Kan, Y. Yao, P. 
Hang, Z. Yu, Z. Ni, K. Qiu, D. Yang and X. Yu, Nat. Commun., 2025, 16, 
7331.

96 J. Wei, T. Huang, W. Peng, Y. He, W. Feng, Y. Hao, C. J. Brabec, Y. Mai 
and F. Guo, J. Mater. Chem. A, 2025, 13, 27101–27106.

97 D. Wang, Z. Liu, Z.-W. Gao, X. Lei, P. Zhu, J. Zeng, Q. Li, L. Wang, Z. 
Zhang, M. Gu, S. He, Y. Bao, Q. Lian, J. Li, Z. Song, Y. Xu, D. Lei, X. Wang, 
A. K.-Y. Jen and B. Xu, Nat. Energy, 2026, 11, 436–448.

98 K. Artuk, D. Turkay, A. Kuba, S. Riemelmoser, J. A. Steele, J. Hurni, J. 
Spitznagel, H. Quest, M. de Bastiani, J. Zhao, J. Diekmann, C. Ongaro, 
M. Othman, M. Heydarian, O. Fischer, H. Lai, J. S. Austin, S. Zeiske, R. 
López-Arteaga, C. Liu, M. D. Mensi, A.-F. Castro-Méndez, M. Li, T. W. 
Gries, S. Hill, F. Saenz, L. Champault, H. A. Can, M. R. Golobostanfard, 
U. Desai, P. Remondeau, E. Solano, G. Portale, A. Faes, F. Lang, A. 
Musiienko, N. Rolston, F. Fu, M. C. Schubert, F. Schindler, B. Chen, A. 
Pasquarello, E. H. Sargent, A. Hessler-Wyser, Q. Jeangros, C. Ballif and 
C. M. Wolff, Nature, 2026, 653, 90–97.

99 H. Gao, J. Wen, S. Zhao, M. Li, S. Yang, H. Sun, C. Liu, S. Xia, K. Nguyen, 
P. Wu, Y. Guo, R. Liu, D. Zhou, C. Duan, K. Xiao, L. Li, P. Cui, D. H. 
Macdonald, J. Xie, J. Xu, R. Lin and H. Tan, Sci. Adv., 2026, 12, 
eadz9089.

100 J. P. Vale, A. Sekkat, T. Gheorghin, S. Sevim, E. Mavromanolaki, A. D. 
Flouris, S. Pané, D. Muñoz-Rojas, J. Puigmartí-Luis and T. Sotto Mayor, 
J. Phys. Chem. C, 2023, 127, 9425–9436.

101 H. H. Park, Nanomaterials (Basel, Switzerland), 2021, 11, 88.
102 S. Geng, J. Duan, C. Zhang, J. Zhang, Y. Bi, Y. Liu, X. Zhu, X. Zhang, Q. 

Guo, J. Dou, B. He, Y. Zhao and Q. Tang, Adv. Sci. (Weinheim, Ger.), 
2025, 12, e09089.

103 M. Li, J. Yan, A. Zhang, X. Zhao, X. Yang, S. Yan, N. Ma, T. Ma, D. Luo, Z. 
Chen, L. Li, X. Li, C. Chen, H. Song and J. Tang, Joule, 2025, 9, 101825.

104 K. Datta, S. C. W. van Laar, M. Taddei, J. Hidalgo, T. Kodalle, G. J. W. 
Aalbers, B. Lai, R. Li, N. Tamura, J. T. W. Frencken, S. V. Quiroz 
Monnens, R. J. E. Westbrook, D. J. Graham, C. M. Sutter-Fella, J.-P. 
Correa-Baena, D. S. Ginger, M. M. Wienk and R. A. J. Janssen, Nat. 
Commun., 2025, 16, 1967.

105 K. Xiao, J. Wen, Q. Han, R. Lin, Y. Gao, S. Gu, Y. Zang, Y. Nie, J. Zhu, J. Xu 
and H. Tan, ACS Energy Lett., 2020, 5, 2819–2826.

106 J. Wang, B. Branco, W. H. M. Remmerswaal, S. Hu, N. R. M. Schipper, V. 
Zardetto, L. Bellini, N. Daub, M. M. Wienk, A. Wakamiya, H. J. Snaith 
and R. A. J. Janssen, Nat. Commun., 2025, 16, 174.

107 U. Erdil, M. Khenkin, W. M. Bernardes de Araujo, Q. Emery, I. 
Lauermann, V. Paraskeva, M. Norton, S. Vediappan, D. K. Kumar, R. K. 
Gupta, I. Visoly-Fisher, M. Hadjipanayi, G. E. Georghiou, R. Schlatmann, 
A. Abate, E. A. Katz and C. Ulbrich, Energy Technol. (Weinheim, Ger.), 
2025, 13, 2401280.

108 X. Li, H. Yu, Z. Liu, J. Huang, X. Ma, Y. Liu, Q. Sun, L. Dai, S. Ahmad, Y. 
Shen and M. Wang, Nanomicro Lett., 2023, 15, 206.

109 H. S. Jung, G. S. Han, N.-G. Park and M. J. Ko, Joule, 2019, 3, 1850–
1880.

110 J. Zheng, G. Wang, L. Duan, W. Duan, Y. Jiang, P. Pearce, Y. Gao, M. A. 
Mahmud, C. Liao, T. L. Leung, J. Bing, Z. Li, Z. Sun, X. Cui, C. Bailey, M. 
Jankovec, J. Yi, R. Tao, L. Zheng, B. Zhu, Y. Sun, N. Sun, G. Huang, L. 
Wang, A. Lambertz, S. Bremner, X. Liao, T. Wu, G. Xie, M. U. Rothmann, 
M. Topič, D. R. McKenzie, K. Ding, W. Li, Z. Chen and A. W. Y. Ho-Baillie, 
Nat. Nanotechnol., 2025, 20, 1648–1655.

111 K. Xiao, Y.-H. Lin, M. Zhang, R. D. J. Oliver, X. Wang, Z. Liu, X. Luo, J. Li, 
D. Lai, H. Luo, R. Lin, J. Xu, Y. Hou, H. J. Snaith and H. Tan, Science (New 
York, N.Y.), 2022, 376, 762–767.

Page 13 of 15 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 3
:1

7:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6EE01631F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ee01631f


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 13

Please do not adjust margins

Please do not adjust margins

112 K. Sun, R. Guo, Q. Zhou, L. Fang, X. Jiang, S. A. Wegener, Y. Liang, Z. Li, 
S. Liang, M. Schwartzkopf, E. Aydin, S. Koyiloth Vayalil, S. V. Roth, U. W. 
Paetzold and P. Müller-Buschbaum, Nat. Commun., 2026, 17, 596.

113 Y. Wang, R. Lin, X. Wang, C. Liu, Y. Ahmed, Z. Huang, Z. Zhang, H. Li, M. 
Zhang, Y. Gao, H. Luo, P. Wu, H. Gao, X. Zheng, M. Li, Z. Liu, W. Kong, L. 
Li, K. Liu, M. I. Saidaminov, L. Zhang and H. Tan, Nat. Commun., 2023, 
14, 1819.

114 J. Zhang, N. Chang, C. Fagerholm, M. Qiu, L. Shuai, R. Egan and C. Yuan, 
Renewable Sustainable Energy Rev., 2022, 158, 112146.

115 C. O. Teixeira, D. Castro, L. Andrade and A. Mendes, Energy Sci. Eng., 
2022, 10, 1478–1525.

116 R. He, X. Huang, M. Chee, F. Hao and P. Dong, Carbon Energy, 2019, 1, 
109–123.

117 Z. Xu, H. Bristow, M. Babics, B. Vishal, E. Aydin, R. Azmi, E. Ugur, B. K. 
Yildirim, J. Liu, R. A. Kerner, S. de Wolf and B. P. Rand, Joule, 2023, 7, 
1992–2002.

118 R. Li, R. Gong, H. Lin, M. A. Green and D. Lan, Newton, 2025, 1, 100001.
119 U. Aeberhard, N. Natsch, A. Schneider, S. J. Zeder, H. Carrillo-Nuñez, B. 

Blülle and B. Ruhstaller, Solar RRL, 2024, 8, 2400492.
120 M. Mohammadi, F. Ji, T. Sachsenweger, K. Meraji, S. Parayil Shaji and 

W. Tress, Nature, 2026, 651, 933–939.
121 J. F. Wheeldon, C. E. Valdivia, A. W. Walker, G. Kolhatkar, A. Jaouad, A. 

Turala, B. Riel, D. Masson, N. Puetz, S. Fafard, R. Arès, V. Aimez, T. J. 
Hall and K. Hinzer, Progress in Photovoltaics, 2011, 19, 442–452.

122 G. Huang, N. Sun, N. Scheer, S. Akel, Q. Yang, B. Klingebiel, K. Bittkau, 
A. Lambertz, R.-A. Eichel, F. Hausen, T. Kirchartz, U. Rau and K. Ding, 
ACS Energy Lett., 2026, 11, 3250–3257.

123 Ö. Ş. Kabaklı, K. McMullin, C. Messmer, A. J. Bett, L. Tutsch, M. Bivour, 
M. Hermle, S. W. Glunz and P. S. Schulze, Solar RRL, 2024, 8, 2400454.

124 H. Bristow, X. Li, M. Babics, S. Kosar, A. R. Pininti, S. Zhang, B. Vishal, S. 
Sarwade, A. Razzaq, A. A. Said, G. Lubineau and S. de Wolf, Solar RRL, 
2024, 8, 2400289.

125 J. Chen, X. Wang, T. Wang, J. Li, H. Y. Chia, H. Liang, S. Xi, S. Liu, X. Guo, 
R. Guo, Z. Jia, X. Yin, Q. Zhou, Y. Wang, Z. Shi, H. Zhou, D. Lai, M. Zhang, 
Z. Xing, W. R. Leow, W. Yan and Y. Hou, Nat. Energy, 2025, 2, 181–190.

126 Z. Dai and N. P. Padture, Nat. Energy, 2023, 8, 1319–1327.
127 Y. Lu, Y.-K. Jung, M. Dubajic, X. Li, S. Maqbool, Q. Gu, X. Bai, Y. Boeije, X. 

W. Chua, A. J. Mirabelli, T. Kang, L. Sonneveld, Y. Zhang, T. A. Selby, C. 
Mamak, K. Tang, Z. Yu, T. Liu, M. Anaya, S. Barlow, S. R. Marder, B. 
Ehrler, C. Ducati, R. H. Friend and S. D. Stranks, Science (New York, 
N.Y.), 2025, 390, 716–721.

128 T. Matsui, C. McDonald, A. Mirzehmet, J. McQueen, R. S. Bonilla and H. 
Sai, Small (Weinheim an der Bergstrasse, Germany), 2025, 21, 
e2500969.

129 C. Liu, X. Zhen, W. Peng, K. Huang, L. Zhang, Z. Li, X. Zhou, J. Chen, L. 
Chu, W. Yan, K. Fukuda, Y. Sheng, X. Wang and C. Liu, Adv. Energy 
Mater., 2025, 15, 2405074.

130 W. Sun, K. Wang, W. Liu, Y. Sun, Y. Gao, T. You, H. Lian, X. Huang, S. 
Wang and P. Yin, Carbon Neutralization, 2025, 4, e70042.

131 H. Lin, Z. Li and N. Fu, ACS Appl. Energy Mater., 2025, 8, 14764–14772.
132 M. Chu, S. Jang, H. Yousuf, Z. Pan, J. Zhang, M. N. Aida, R. U. Rahman, 

D. P. Pham, M. Q. Khokhar and J. Yi, ACS Photonics, 2025, 12, 4916–
4923.

133 Y. Zhang, Y. Yang, M. T. Mbumba, M. W. Akram, E. K. Rop, L. Bai and M. 
Guli, Solar RRL, 2022, 6, 2200823.

134 R. Schmager, I. M. Hossain, F. Schackmar, B. S. Richards, G. Gomard 
and U. W. Paetzold, Sol. Energy Mater. Sol. Cells, 2019, 201, 110080.

135 M. Jaysankar, S. Paetel, E. Ahlswede, U. W. Paetzold, T. Aernouts, R. 
Gehlhaar and J. Poortmans, Progress in Photovoltaics, 2019, 27, 733–
738.

136 K. O. Brinkmann, P. Wang, F. Lang, W. Li, X. Guo, F. Zimmermann, S. 
Olthof, D. Neher, Y. Hou, M. Stolterfoht, T. Wang, A. B. Djurišić and T. 
Riedl, Nat. Rev. Mater., 2024, 9, 202–217.

137 L. Wang, B. Zhou, Q. Qian, Y. Ye, H. Wu, B. Hu, P. Wang, A. Zhang, Z. 
Wan, D. Zhang, K. Bang, S. Zheng, A. H. Shah, J. Zhou, Y. Wang, Y. 
Huang and X. Duan, Nat. Mater., 2026, 816–823.

138 S. P. Philipps, F. Dimroth and A. W. Bett, High-Efficiency III–V 
Multijunction Solar Cells, Elsevier, 2018.

139 P. Colter, B. Hagar and S. Bedair, Crystals, 2018, 8, 445.
140 S. Olthof, R. Timmreck, M. Riede and K. Leo, Appl. Phys. Lett., 2012, 

100.
141 M. Hiramoto, M. Suezaki and M. Yokoyama, Chem. Lett., 1990, 19, 

327–330.
142 E. M. Tennyson, K. Frohna, W. K. Drake, F. Sahli, T. Chien-Jen Yang, F. 

Fu, J. Werner, C. Chosy, A. R. Bowman, T. A. S. Doherty, Q. Jeangros, C. 
Ballif and S. D. Stranks, ACS Energy Lett., 2021, 6, 2293–2304.

143 F. Matteocci, Y. Busby, J.-J. Pireaux, G. Divitini, S. Cacovich, C. Ducati 
and A. Di Carlo, ACS applied materials & interfaces, 2015, 7, 26176–
26183.

144 J. Huang, L. Zhang, C. Yilmaz, G. Qu, I. Zemer, R. Hooijer, S. Cai, A. 
Buyruk, H. Zhu, M. Bouraoui, A. Hartschuh, R. Mishima, K. Yamamoto, 
C. Deger, I. Yavuz, A. K.-Y. Jen, E. Ugur, S. de Wolf, I. Levine, Z.-X. Xu 
and E. Aydin, Joule, 2026, 10, 102227.

145 L. Ma, X. Xu, C. Cui, T. Li, S. Lou, P. J. Scott, X. Jiang and W. Zeng, 
Nanomaterials (Basel, Switzerland), 2025, 15, 282.

146 I. J. Park, J. H. Park, S. G. Ji, M.-A. Park, J. H. Jang and J. Y. Kim, Joule, 
2019, 3, 807–818.

Page 14 of 15Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 3
:1

7:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6EE01631F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ee01631f


Data sharing is not applicable to this article as no new primary datasets were 

created or analyzed during the current study. 

Page 15 of 15 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 3
:1

7:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6EE01631F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ee01631f

