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Over the past decade, the certified power conversion efficiency of champion single-junction perovskite
solar cells (PSCs) has exceeded 27%. To overcome the theoretical limitation, various perovskite-based
tandem solar cells have emerged. Among them, integrating wide bandgap (WBG) perovskites with
organic materials in tandem architectures offers a promising avenue toward higher performance while
maintaining the advantages of solution processability, high throughput and compatibility with flexible
substrates. Perovskite/organic tandem solar cells (POTSCs) employ a two-subcell structure that
maximizes spectral utilization; however, achieving high efficiency requires fine control over energy
losses, electrical properties, and optical management. In particular, as the top subcells, WBG PSCs
absorb high-energy photons and contribute to a high open-circuit voltage (Voc), making the
minimization of bandgap-Voc suppression  of
recombination—especially critical. The organic rear cell extends absorption into the near-infrared region,
enabling sufficient photon harvesting and current matching between the two subcells. The
interconnecting layer (ICL), which provides ohmic contact and facilitates efficient carrier recombination

losses—through defect-induced nonradiative

between subcells, also requires continued optimization of both its recombination mechanism and

interfacial processes. In this review, we first summarize strategies for improving bulk perovskites and
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Accepted 12th February 2026 interfacial layers, followed by key design principles for ICLs. We then discuss electrical regulation and

optical management in organic subcells. Finally, we outline the current challenges and future
perspectives of POTSCs to guide the development of high-performance, scalable and flexible tandem
photovoltaic technologies.
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energy consumption by several orders of magnitude. Its avail-
ability further enables widespread and decentralized energy

1. Introduction

Solar energy stands as one of the most promising sustainable
and renewable resources, offering an unparalleled abundance:
the solar radiation incident on earth exceeds global annual
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deployment." Harnessing this vast resource requires the
advancement of high-performance, cost-effective photovoltaic
(PV) technologies. Perovskite solar cells (PSCs) have emerged as
a transformative technology within the PV community due to
their remarkable properties, including broad and tunable
absorption (bandgap ~ 1.2-3.0 eV),> long charge-carrier diffu-
sion lengths that support efficient charge collection even in
micrometer-thick films,® facile solution processability suitable
for high-throughput manufacturing,* and inherent material
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defect tolerance.® Furthermore, PSCs can be fabricated on
flexible substrates, opening avenues for wearable and light-
weight PV applications.®

The power conversion efficiency (PCE) of small-size single-
junction PSCs has skyrocketed from 3.8% in 2009 to a record
27.32% in 2025,” approaching the Shockley-Queisser (S-Q)
limit of ~33% for an ideal band gap (E,) of 1.34 eV under AM
1.5G illumination.® This remarkable progress primarily stems
from synergistic advances in perovskite bulk growth control®
and interface engineering.''* Meanwhile, the long-term device
durability has been improved through engineering of the indi-
vidual functional layers and their relevant interfaces,*
including the perovskite absorber,'>** electron transport layer
(ETL), hole transport layer (HTL),'** counter electrode and
encapsulation layer. To further boost PCE, researchers have
increasingly turned to tandem solar cells (TSCs), a ground-
breaking solution to overcome the fundamental efficiency limit
of single-junction devices, with theoretical -efficiencies
exceeding 46%.' Tandem architectures combining two or more
solar cells with different absorption onsets could collectively
capture a broader range of the solar spectrum, minimizing
energy loss due to thermalization and transmission (Fig. 1a)."”
Typically, wide-bandgap (WBG) perovskite absorbers (typically
1.6-1.9 eV) are ideal candidates for the top subcell due to their
strong absorption in the visible spectrum. Over the past 3-5
years, the PCEs of WBG PSCs with various bandgaps have been
significantly enhanced (Fig. 1b). Moreover, they are compatible
with a range of narrow-gap (1.2-1.4 eV) subcells, such as
organic, silicon, copper-indium-gallium selenide (CIGS), and
narrow-bandgap perovskite subcells, which can efficiently
harvest near-infrared (NIR) photons as the bottom subcells.*®
Each tandem combination involves its own respective advan-
tages and challenges.” Among them, silicon solar cells are the
mainstream products of the PV market,* and the perovskite/
silicon TSCs achieved a rapid rise in efficiency, increasing
from 14.3% in 2015 and to over 34% in recent reports.”*”*
However, silicon and perovskite PVs rely on fundamentally
different fabrication systems, which increases equipment and
manufacturing costs. Moreover, depositing high-quality
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perovskite films onto industrially textured silicon substrates
remains technically challenging. All-perovskite TSCs have
reached promising efficiencies exceeding 30%,>** but these
tandem devices suffer from significant stability issues. Partic-
ularly, the unfavorable oxidation of Sn*" to Sn** in tin-lead
narrow-gap materials (Ey < 1.3 eV), commonly used as bottom
subcells, will induce unintended p-type doping and conse-
quently degrade overall device performance.”® Though CIGS-
based materials have demonstrated flexibility, stability and
scalability, their use is limited by complex material synthesis,
process sensitivity, and resource constraints.>®

Narrow-gap organic solar cells (OSCs) have been extensively
studied for tandem configurations since the early 2000s.”” OSCs
with absorption spectra extending well into the infrared pose
several advantages, including abundant material availability,
tunable molecular design, solution processability with envi-
ronmentally benign solvents, lightweight characteristics, and
compatibility with high-throughput fabrication.*® In addition,
their strong NIR absorption coefficient makes them excellent
candidates for bottom subcells,* enabling significantly reduced
thickness (~0.1 pm) compared with Sn/Pb perovskites (~1.2
pm) and CIGS inorganic absorbers (~2.2 um) in TSC applica-
tions. Driven by the continuous development of high-
performance novel materials, advances in device fabrication
technologies, and a deepened fundamental understanding of
both active-layer morphology and device operation mecha-
nisms, OSCs have witnessed rapid development in recent years,
with single-junction device efficiencies approaching 21%,
especially shown in the fill factor (FF) and open-circuit voltage
(Voc) improvement (Fig. 1c).** Unlike conventional silicon-
based tandem structures, organic-inorganic hybrid perovskite
and organic materials can be processed using low-energy,
solution-based methods compatible with flexible substrates.
Techniques such as inkjet printing, blade coating, and slot-die
coating techniques have shown strong potential for fabricating
large-area perovskite and organic films with high uniformity
and reproducibility.*** Through persistent research efforts in
WBG PSCs, OSCs and interconnecting layers (ICLs), especially
the discovery of Y6-series non-fullerene acceptors (NFAs), the
efficiency of lab-scale perovskite-organic tandem solar cells
(POTSCs) has increased from below 17% to exceeding 27%
(Fig. 1d).** Reviewing this progress is therefore valuable for
guiding further advancements in POTSC applications.

In this review, we first reviewed recent progress in WBG
perovskite subcells, focusing on defect-related nonradiative
recombination and phase stability in both the perovskite bulk
and at interfaces. We also summarized the strategies for opti-
mizing OSC performance through both electrical regulation and
optical management. In addition, to highlight the most critical
factors for performance improvement, we discuss the role and
requirements of ICLs in tandem devices. Importantly, we
spotlight the key issues of combining these two emerging thin-
film photovoltaic technologies into a monolithic tandem device.
Finally, we outline the specific challenges and opportunities of
POTSCs for guiding the development of next-generation high-
performance photovoltaic technologies.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Schematic illustration of a classical POTSC architecture. PCE development of (b) WBG PSCs, (c) NBG OSCs, and (d) POTSCs with both

p—i—n and n—i—p architectures. The corresponding references are provided in Sl Tables 1-3, respectively.

2. Configuration of TSCs

The relationship between the number of subcells with ideal
bandgaps and corresponding theoretical efficiency is presented
in Fig. 2a. In theory, a two-subcell tandem device can reach
a maximum efficiency of 46% under standard solar spectrum
and intensity, while an infinite-junction system would reach
68% efficiency.*»* However, considering the increased
complexity of fabrication, parasitic absorption and additional
costs induced by each extra junction,® two-subcell architectures
remain the predominant design for tandem devices. According
to the connection method, TSCs are classified as monolithic or
mechanically stacked, which differ fundamentally in both
electrical characteristics and structural design.

Take two-junction for example (Fig. 2b): a monolithic two-
terminal (2T) tandem structure consists of a narrow-bandgap
bottom subcell directly stacked with a wide-bandgap top sub-
cell, forming an integrated optoelectronic stack. The Vo¢ value
of the tandem devices is primarily determined by the sum of the

interconnecting layer, while the short-circuit current (Js¢) is
mainly limited by the lower photocurrent of the two subcells.
Therefore, current matching between the top and bottom sub-
cells is essential due to their series-connected architecture. In
this regard, theoretical calculations indicate that the PCE of
POTSCs is maximized when a WBG (~1.75 eV) perovskite top
cell is paired with a NBG (~1.15 eV) organic bottom cell.””
However, the limited compositional tunability and bandgap
control of available active layers typically hinder the realization
of this optimal bandgap matching in tandem architectures. The
2T architecture also needs sophisticated charge-collection
design, as carriers must transit the entire device stack to
reach the electrodes, typically achieved using thin tunnel
junctions as ICLs. Conversely, four-terminal (4T) tandem solar
cells eliminate the need for current matching requirements as
the subcells operate electrically independently (Fig. 2c). This
decoupled architecture enables independent optimization of
each subcell's efficiency. However, 4T devices require at least
one transparent intermediate electrode that ensures high
infrared-photon transmission to the bottom subcell. They also
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(a) The ideal laminated cell depends on the number of bandgaps under AM 1.5G illumination. Unconstrained: multiple junctions within the

solar cell stack operate independently, each at its own maximum power point (MPP). Copyright Xidian University Press 2021. Schematic diagram
of the configuration of (b) 2T and (c) 4T POTSCs. TCO: transparent conductive oxide.
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suffer from inherent disadvantages such as increased balance-
of-system costs due to separate components and additional
parasitic absorption. Considering their operational simplicity,
compatibility, and structural integrity, most studies focus on 2T
POTSCs, which are the primary subject of the following
discussion.

3. Optimization for WBG perovskites

As the critical front absorber in POTSCs, WBG perovskites
mainly absorb light in the 300-700 nm range,***® requiring
precise compositional tuning to achieve an optimal bandgap
while maintaining structural stability under high-energy
photon exposure. Encouragingly, perovskite materials with the
general formula ABX; exhibit good tunability as semi-
conductors. In photovoltaic applications, the A-site is
commonly occupied by organic cations (e.g, methyl-
ammonium, MA"; formamidinium, FA") or inorganic cations
(e.g., Cs"), the B-site predominantly by Pb>* and Sn>*, and the X-
site by halide anions (I, Br~, Cl7).** It's acknowledged that the
bandgap can be regulated by partially substituting iodide with
bromide at the X-site of the perovskite lattice.** A minimum of
30% of the iodide ions must be replaced by bromide ions to
achieve optimal bandgaps of 1.7 and 1.9 eV for the front cell in
POTSCs.** In principle, increasing the bromide content
improves structural stability due to the stronger Pb-Br bond
compared to Pb-I bond, stemming from the smaller ionic
radius (1.96 A vs. 2.20 A) and higher electronegativity of Br~
relative to I".** However, the Vo of mixed-halide (I/Br) WBG
PSCs does not increase proportionally with bandgap, primarily
due to interfacial recombination and the low radiative efficiency
of the mixed-halide phase, as well as partially improper energy
alignment arising from bromine-rich and iodine-rich
domains.** Consequently, WBG PSCs display a large Voc
deficit (defined as E,/g — Voc), typically ~100 mV higher than
that of medium-bandgap PSCs.* These shortcomings nega-
tively affect both the performance and operational stability of
single-junction WBG devices and POTSCs.

Based on the above discussion, the key challenges to
achieving high-performance WBG PSCs are simultaneously
mitigating the substantial Vo deficits and stabilizing the
perovskite phase. Phase segregation arises from intrinsic
composition inhomogeneity and localized strain generated by
the interaction between photogenerated carriers and lattice
ions, which is further facilitated under light, thermal and
electrical stress. In parallel, the V¢ deficit originates from
nonradiative recombination within the Br-rich absorber and at
its interfaces.**” In recent years, researchers have advanced
WBG PSC development through various strategies, including
composition engineering, additive engineering, interface opti-
mization and improved charge transport layers. In the following
parts, we discuss the relevant strategies for POTSC applications.

3.1 Composition engineering

Wide-bandgap perovskites are typically based on either all-
inorganic Cs' compositions or organic-inorganic hybrids,

5354 | Chem. Sci., 2026, 17, 5351-5366
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with the former possessing superior intrinsic thermal
stability.*® Tan et al. introduced a highly polar dipole layer at the
all inorganic perovskite (CsPb(I,Br; ,)s;)/Ceo interface, which
reconfigured interfacial states, optimized band alignment, and
strengthened the interaction between the inorganic perovskite
and the organic contact layers.*”” The resulting all-inorganic
perovskite device (E; = 1.77 eV) yielded a PCE of 18.5%, with
a Voc of 1.23 V and average FF > 83%. The devices also
demonstrated good reproducibility, with a PCE of 17.3 £ 0.49%.
Alex et al. further advanced all-inorganic WBG perovskites by
incorporating multifunctional additives, 9,10-anthraquinone-2-
sulfonic acid and organic cations, to regulate crystallization,
achieving a Vo of 1.30 V in single-junction WBG perovskites (E,
= 1.78 eV) and over 23% PCE in integrated POTSC.*

Although all-inorganic WBG perovskites exhibit excellent
thermal stability, they suffer from significant phase instability,
often requiring the partial incorporation of volatile organic
cations during film preparation to stabilize the inorganic
framework. Consequently, organic-inorganic hybrid perov-
skites remain the preferred WBG absorbers for tandem devices.
Thermodynamically stable MA-based WBG perovskites have
been well developed,® and incorporating small amounts of FA"
into an MA-based mixed-halide perovskite improves precursor
solubility and promotes more homogeneous crystallization.>?
This approach enables the formation of large grains with PbI, at
grain boundaries, where the Pbl, effectively passivates defects
and improves film quality (E; = 1.72 eV). The desired surface
trap passivation yielded a champion device with a PCE of 17.4%
with Vo of 1.19 V and FF of 78.4%. Moreover, this film-
modification strategy thus enabled POTSCs comprising an
efficient infrared-absorbing non-fullerene acceptor to attain
a PCE of 21.2%. FA-based WBG perovskites offer stronger light
absorption but suffer from lattice distortion and phase insta-
bility due to the lattice mismatch between A-site cations and the
metal-halide framework. To maintain lattice tolerance while
preserving thermal stability, partial substitution of FA with Cs"
has been widely adopted. Zhang et al. fabricated FA, 5Cs¢ sPbI;
films by a hot-flow-assisted spin-coating approach under
ambient air conditions with a relative humidity of 50 + 5%.>
With an acidic diammonium salt inhibiting the growth of
undesired 1D intermediates, an HTL-free carbon electrode-
based WBG PSC achieved a PCE of 18.52%, being the highest
value reported at that time.

Beyond A-site engineering, X-site modification is also crucial
for enhancing the performance of WBG PSCs and POTSCs. The
low formation energy of halogen vacancies increases the lattice
defect density and promotes halide phase migration.>* To
suppress this segregation, Zhang et al. incorporated trace
amounts of pseudo-halogen thiocyanate (SCN) ions into
a 1.83 eV WBG perovskite (FA, sCs ,Pbl; ¢Br; 4).** The SCN ions
effectively occupied halide vacancies and retarded halide phase
segregation via steric hindrance. Ultimately, the formed I/Br/
SCN alloy reduced the Vi deficit by 50 mV and improved the
PCE of the WBG PSC from 16.97 to 18.96%. The corresponding
POTSCs presented PCEs of 25.82% (certified 25.06%; 0.0580
cm?) and 24.45% (1.004 cm®). The tandem devices also showed
a high average PCE of 25.34% and a narrow distribution.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Predominantly, both the single-junction and tandem devices
demonstrated excellent operational stability, exhibiting a Ty,
exceeding 1000 h under MPP tracking.

3.2 Additive engineering

The rapid crystallization kinetics in WBG perovskites induced
by high Cs'/Br~ content often leads to a film with decreasing
crystallinity, rough morphology, and a high density of trap
states, ultimately contributing to V¢ deficit.*® Also, mixed-
halide perovskites often undergo phase separation into I-rich
and Brrich domains due to the low migration activation
energy of halide anions. The ion migration is readily triggered
under operational stresses such as continuous illumination and
heating, thereby severely compromising long-term device
durability. Additive engineering has therefore emerged as a key
strategy for modulating crystallization for homogeneous
compositional distribution, while simultaneously enabling
effective defect passivation and structural stabilization.

In general, additive containing functional groups can regu-
late nucleation and crystallization through their interactions
with perovskite precursors and additive/solvent species. An
et al. proposed a general strategy to manage the crystallization
process of WBG perovskites with bandgaps > 1.7 eV.”” They

View Article Online
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introduced phenylethylammonium acetate (PEAAc) additive,
which contains both amine (-NH;') and carboxyl (-COO")
functional groups, into the FA; sMA,, 1Csg 1Pb(I; _,Br,); (x = 0.3-
0.6) system with bandgaps of 1.73, 1.79, 1.85, and 1.92 eV
(Fig. 3a). The multifunctional additive balanced the crystalli-
zation kinetics of mixed-halide WBG perovskites by forming
both hydrogen-bonding and coordination interactions (Fig. 3b).
Ultimately, WBG PSCs with various bandgaps all exhibited high
performance, and the corresponding POTSC achieved a stabi-
lized PCE above 24% with a high V¢ of 2.197 V (Fig. 3c). In
addition, Wang et al. prepared a WBG PSC via partially replac-
ing dimethyl sulfoxide (DMSO) with 1,3-dimethyl-3,4,5,6-tetra-
hydro-2(1H)-pyrimidinone =~ (DMPU) to regulate the
crystallization process.”® DMPU possessed strong interaction
with Pbl,, enabling controlled perovskite nucleation and grain
growth while continuously releasing Pbl,, thereby widening the
antisolvent processing window. Benefiting from the improved
film quality by solvent engineering, both the performance and
stability of the PSCs were enhanced.

Organic cations have also been incorporated into WBG PSCs
to passivate bulk defects. Qin et al. introduced the organic
cation chloroformamidine (CIFA') into FA,¢MA¢ 4Pb(I6Bro.4)3
(E; = 1.73 eV), and the chlorine atom in CIFA" could partially
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compensate for the missing iodine atoms and stabilize excess
lead cations.*” Through iodine defect management, this addi-
tive facilitates the formation of high-quality mixed-halide WBG
perovskite films, enabling the champion WBG PSC to realize
a Voc of 1.25 V and a high FF of 83.0%. To solve the issue that
bulky organic ligands often impair charge transport and
extraction, imidazolium (IA), which features an aromatic
framework and an ideal ionic radius, was incorporated as an A-
site alloying cation in the WBG perovskite lattice (Fig. 3d).*® The
introduction of IA balanced the crystallization rate of I” and Br—
components through electrostatic and coordination interac-
tions, enabling a homogeneous halide distribution in the bulk
film. Additionally, the IA cation acts as both a Lewis base and
acid to passivate positively and negatively charged defects,
leading to superior film quality. In this manner, the optimized
1.79 eV-WBG PSC achieved a PCE of 19.50% with a Vo 0of 1.35V,
presenting a low energy loss of 0.44 eV, while the monolithic
POTSC showed a PCE of 25.54% (Fig. 3e and f). An average PCE
of 24.94% was achieved for the tandem devices, demonstrating
excellent consistency across the devices.

Especially, building on the critical role of redox shuttles in
dye-sensitized solar cells, Jen et al. also designed a series of
organic mediators with a 2-sulfonate anthraquinone (AQS) core
as a redox shuttle to selectively reduce iodine (I,) and oxidize
metallic Pb° (Fig. 3g).* The introduction of ammonium (NH,")
and phenylethyl ammonium (PEA") groups in place of H' on the
cationic component endowed these molecules with additional
defect-passivation capability (Fig. 3h). Consequently, the
monolithic POTSCs achieved a high PCE of 25.22% (certified
24.27%), with a high Voc of 2.151 V, Jsc of 14.36 mA cm™> and
FF of 81.65%, while exhibiting negligible hysteresis (Fig. 3i).
Owing to the durable redox-mediated perovskite stabilization,
the resultant POTSC retained 92% of its initial PCE after 500 h
of continuous operation.

3.3 Interface engineering

Given that numerous defects are generated at the film surface,
interface engineering is essential for both hybrid and all-
inorganic wide-bandgap PSCs. Meanwhile, appropriate inter-
face modification could improve carrier extraction by opti-
mizing the energy-level alignment, further enhancing the device
performance.

Organic ammonium halide salts, such as phenmethyl-
ammonium chloride® and trimethylammonium chloride, have
been adopted to modify the perovskite surface.®* The recon-
structed surface effectively reduces defect density while main-
taining high uniformity, promoting the growth of a high-quality
ICL and enhancing carrier extraction in the monolithic POTSC.
Thereby, these POTSCs possess near-ideal V¢ superposition,
well-matched photocurrent contribution, and high PCE.
Besides, a mixed-cation additive strategy, with a combination of
4-trifluoro phenethylammonium (CF;-PEA", denoted as CA")
and ethylenediammonium (EDA*", denoted as EA*"), was
utilized to comprehensively regulate structural defects associ-
ated with A-; B- and X-sites in WBG perovskite surfaces
(Fig. 4a).®* The complementary passivation reduced the
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nonradiative recombination rate from 0.80 to 0.11 ns ' and
lowered electron/hole defect densities (Fig. 4b and c). The
passivated 1.85 eV WBG PSC realized a record Voc of 1.35 V and
a high FF of 83.29%. When combined with a quaternary organic
bulk-heterojunction, the corresponding POTSC delivered a PCE
of 24.47%, with a V¢ of 2.14 V, Jsc of 14.17 mA ecm ™ > and FF of
80.71%. To confirm the reproducibility, an average PCE of
24.04% with a narrow distribution was calculated from 20
individual tandem cells. Also, the POTSCs exhibited high pho-
tothermal stability, maintaining over 90% of the initial PCE
after 500 h of MPP tracking.

Typically, passivation layers incorporated at the bottom
interface of the perovskite serve a dual role: suppressing inter-
facial defects and enhancing perovskite crystallization. For
example, to address the high defect density in NiO,, Chen et al.
deposited a benzylphosphonic acid (BPA) layer at the NiO,/
perovskite interface (Fig. 4d).** This strategy increased the PCE
of the WBG PSC from 15.53% to 17.80%, with V¢ rising from
1.18 to 1.26 V. When applied in a POTSC, the passivation layer
enabled a PCE of 23.6%. Brinkmann et al. used MeO-2PACz as
the passivation layer to improve the perovskite phase purity and
crystallinity.®> Based on a 1.85 eV perovskite film, the optimal
POTSC achieved a high PCE of 24.0% (certified 23.1%) with
a high Vo of 2.15 V. To further reinforce the corner-shared
[Pblg]*", Huang et al. developed redox-active polyoxometalates
(POMs) with ammonium cations, forming a robust
polyoxometalate/perovskite interlayer for stabilizing the perov-
skite phase.*® Functional POMs not only repair Pb’- and I°-rich
defects in [Pblg]'~ framework by electroactive metal ions but
also passivate interfacial defects through ammonium cations
(Fig. 4e and f). When applied to single-junction 1.78 eV WBG
PSCs, the POM-based devices exhibited higher PCEs of 19.75%
compared to 18.61% for the control devices. In a POTSC
comprising a 1.78 eV perovskite top subcell and a 1.38 eV
organic bottom subcell, this approach enabled a remarkable
PCE of 24.86%.

In addition to the top- and bottom-interface engineering,
dual-interface strategies were developed. Sun et al. reported an
ionic liquid methylammonium formate (MAFm) to modify the
bottom and top interfaces of all-inorganic WBG CsPbI,Br
films.*” By forming Pb-Fm bonds (Fig. 4g), MAFm-based buried-
interface engineering modulated perovskite crystallization and
reconstructed the surface morphology, while top-surface engi-
neering effectively passivated defects, yielding uniform films
with large grains and a markedly reduced interfacial defect
density (Fig. 4h).

4. Optimization for interconnecting
layers

Typically, an ICL is typically composed of a HTL, ETL, and a thin
intermediate metal or metal-oxide carrier recombination layers
(Ag, Au, 1ZO, ITO, AZO, etc.).®® As an essential part of the 2T
monolithic tandem solar cells, ICLs not only bridge the top and
bottom subcells but also modulate carrier transport and
recombination, critically influencing the FF, Jsc and Voc of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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TSCs. The parasitic absorption of the ICL could lead to an
unbalanced light distribution. Together with interfacial defects
at its contact with the active layers, this effect reduced the V¢ of
the tandem device.*”® An ideal ICL should therefore combine
high electrical conductivity and chemical inertness to ensure
durable ohmic contact formation and efficient inter-subcell
carrier recombination, thus minimizing Vo losses, while
simultaneously maintaining excellent optical transparency to
enable sufficient light transmission to the narrow-bandgap
(NBG) bottom subcell for optimal current matching. Addition-
ally, the efficacy of ICLs in balancing carriers between subcells
is highly dependent on the thickness of its individual layers,
which can be assessed by the relative EQE of each subcell.”
To render the interconnect ohmic, thin metals (1 nm Ag or
Au) deposited by thermal evaporation are commonly combined
with organic/inorganic charge transport layers as ICLs.”” Chen
et al. demonstrated that incorporating Ag nanoparticles into
Cso/bathocuproine (BCP)/metal/MoO, ICLs (Fig. 5a) effectively
mitigates efficiency losses caused by energy-level misalignment
and promotes balanced, efficient carrier recombination
(Fig. 5b).” Based on the optimized, all-thermally evaporated,
low-loss ICLs, a record PCE of 20.6% was achieved for p-i-n
monolithic POTSC, with well-matched Jsc between the two
subcells (Fig. 5¢). To gain balanced carrier transport, An et al.
proposed a sandwich-structured ICL consisting of SnO,/Au/
SAM/Mo0O,/SAM, in which self-assembled monolayers (SAMs)

© 2026 The Author(s). Published by the Royal Society of Chemistry

are anchored to both the top and bottom surfaces of MoO,
(Fig. 5d).” Hydrogen bonding and coordination interactions
between MoO, and SAM facilitated a stable, electrically favor-
able interlayer, while the SAM simultaneously functioned as an
electron-blocking layer that reduced interfacial nonradiative
recombination (Fig. 5e). This balanced charge transportation
enabled the fabricated POTSC to deliver a PCE of 26.05% with
excellent current matching (Fig. 5f) and a high Vi¢ of 2.21 V
(certified 2.216 V). In addition, the charge-transport material
within the ICL plays a critical role in determining device effi-
ciency. Wang et al. showed that polyTPD exhibits low parasitic
absorption, suitable carrier mobility, and quasi-ohmic contact
with adjacent ICL components, facilitating efficient extraction
of photogenerated charges, suppressing interfacial charge
accumulation and voltage loss, and yielding a remarkably small
tandem open-circuit voltage loss of 0.06 V.”

Nevertheless, the thin metal-based ICLs can incur substan-
tial optical losses due to parasitic absorption and reflection, as
well as challenges in morphology control and potential nano-
particle aggregation. To address the problem, metal oxides with
high conductivity, structural stability, and good NIR trans-
mittance have emerged as promising alternative ICL candi-
dates. Hou et al. demonstrated a novel ICL architecture
comprising a BCP layer, a 4 nm-thick indium zinc oxide (IZO)
layer, and a MoO, layer (Fig. 52).** Compared with the thin Ag
layer, sputtered IZO-based ICLs exhibit excellent NIR

Chem. Sci., 2026, 17, 5351-5366 | 5357
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transmittance, which significantly reduces current losses in the
organic bottom subcell (Fig. 5h and i). Furthermore, the thin
IZO layer achieved optimized surface coverage, providing
abundant recombination sites that facilitate effective charge
recombination. By collectively enhancing electrical properties
and NIR transparency, the POTSCs reached a certified efficiency
of 22.95% (23.60% lab-recorded), along with a V¢ of 2.06 V and
a Jsc of 14.87 mA cm™ 2. Furthermore, the efficiency was well
maintained at 21.77% for a larger active area of 1.05 cm?.
Besides, Riedl's group developed an ICL with an atomic layer
deposition (ALD)-deposited InO, layer, precisely controlling the
thickness to about 1.5 nm.*® The insertion of amorphous and
continuous InO, enabled barrier-free transport of electrons
from the WBG PSCs across the SnO,/InO,/MoO, layer sequence
(Fig. 5j) while reducing optical losses compared to 1 nm Ag
(Fig. 5k). Leveraging these advances, InO,-based ICLs delivered

5358 | Chem. Sci,, 2026, 17, 5351-5366

an efficiency of 24.0% (certified 23.1%) with a high Voc of 2.15V
and over 1000 h storage stability (Fig. 51).

5. Optimization for organic subcells

In OSCs, excitons efficiently diffuse to the donor-acceptor (D-A)
interface, where they dissociate into free charges driven by the
internal electric field arising from the lowest unoccupied
molecular orbital (LUMO) or highest occupied molecular orbital
(HOMO) energy offset between the donor and acceptor. In
series-connected POTSCs, the bottom OSC subcell must provide
a sufficiently high Vo while maintaining a current output
comparable to that of the top PSC subcell. Consequently, the
intrinsic properties of the active-layer materials, including
donor-acceptor connectivity, domain size, and vertical compo-
nent distribution, collectively influence exciton dissociation
and charge transport, ultimately determining overall device

© 2026 The Author(s). Published by the Royal Society of Chemistry
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performance, particularly the Voc and Jsc contributions in
tandem configurations (Fig. 6a).

Furthermore, the bottom OSC subcell must effectively utilize
optical energy, particularly in the NIR region, to maximize the
integrated current and achieve optimal matching with the top
perovskite subcell. A semiempirical model indicates that a PSC
with a 1.95 eV bandgap is theoretically optimal for pairing with
a Y6-series subcell (Fig. 6b).” However, achieving such a high-
performance WBG PSC remains challenging due to significant
Voc losses. Bandgaps in the range of 1.77-1.83 eV are commonly
adopted to minimize Voc loss. Under these conditions, the
organic subcell faces increased demands arising from the need
for complete and efficient spectral absorption, a lower bandgap,
and higher photocurrent generation. To meet these require-
ments, multi-component active layers and efficient, selective
near-infrared absorption by the acceptor are essential. In this
section, we summarize primary strategies for optimizing OSCs
and related POTSCs from both electrical and optical perspec-
tives. These include molecular structure design, morphological
regulation, and interfacial engineering (Fig. 6c¢).”® Relevant
approaches applied to both single-junction and tandem OSCs
are also discussed.

5.1 Molecular engineering for optical optimization

Organic semiconductors inherently exhibit quantum-like
behavior and vibrational absorption within a defined spectral
range. By fine-tuning their molecular structures, both the
absorption spectrum and self-assembly characteristics can be
effectively tailored. Accordingly, extensive molecular engi-
neering strategies, such as alkyl chain modification, asym-
metric core and terminal group design, and heteroatom
substitution, have been developed to optimize optical proper-
ties. In POTSCs, the bottom OSC subcell must primarily
contribute current in the low-energy spectral region, making the
acceptor's spectral response particularly critical.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Fused-ring electron acceptors, typically featuring an A-D-A
architecture with an electron-donating fused ladder-type core
flanked by two electron-accepting end groups, constitute the
majority of high-performance non-fullerene acceptors (NFAs).
Their molecular frameworks allow versatile structural tailoring
to achieve tunable and selective NIR absorption. This is largely
governed by intramolecular charge transfer (ICT), driven by the
electron push-pull effect between donor and acceptor units
(Fig. 7a).”” Both the ICT pattern and its capacity dictate the
absorption characteristics of m-conjugated molecules. For
instance, introducing an additional electron-withdrawing unit
into the central donor core produces an A-DA'D-A configura-
tion, enabling more precise tuning of absorption and energy
levels. Compared with ITIC-type A-D-A NFAs, the A-DA'D-A Y6
family achieves a significantly broader absorption window (900-
1000 nm vs. 700-800 nm). This improvement arises from
inserting a strong electron-withdrawing benzothiadiazole (BT)
unit into the core, forming a fused DA'D structure that
enhances ICT multiplicity, yielding an absorption onset of
~931 nm. State-of-the-art OSCs now commonly employ Y-series
NFAs such as Y6, BTP-eC9, and L8-BO,”®®*" which have also
driven performance improvements in POTSCs.

Another effective strategy for enhancing the ICT effect is
introducing heteroatoms—such as nitrogen (N) or selenium
(Se)—into the fused-ring framework, replacing benzene rings
with thiophene units, inserting m-bridges, or extending -
conjugation. For example, substituting an sp*-hybridized
carbon with an sp*-hybridized nitrogen allows the nitrogen lone
pair on the p-orbital to delocalize into the m-system, thereby
strengthening ICT.** Likewise, replacing thiophene with sele-
nophene increases polarizability and introduces more delo-
calized lone-pair electrons, which enhance both intramolecular
m-delocalization and intermolecular electron-cloud overlap
(Fig. 7b).®> Owing to the larger atomic size and mass of Se, Se-
containing NFAs exhibit stronger intermolecular interactions
and improved carrier mobility.*® Furthermore, the higher

Chem. Sci,, 2026, 17, 5351-5366 | 5359
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polarizability and electron-rich nature of selenophene reinforce
the quinoidal character and broaden the absorption spectrum.

By combining these structural modifications to optimize
both ICT patterns and intensity, acceptors with broadened
absorption windows and enhanced charge-transport properties
can be achieved. For instance, the A-DA'D-A-type acceptor
BTPSe-Ph4F (E, = 1.27 €V) exhibits a ~20 nm red shift in
absorption compared with Y6. When employed as the active
layer and optimized to a thickness of 120 nm for pairing with
a 1.88 eV WBG PSC, the integrated tandem device achieves a J5c
of 15.4 mA cm > and a PCE of 26.4% (Fig. 7c).** A further
extension of NIR absorption can be expected with increasing Se
substitution.®® Additionally, ternary organic rear subcells con-
taining two narrow-bandgap NFAs have been designed to
further enhance NIR absorption. Using a diffusion-controlled
growth method to regulate the ternary morphology signifi-
cantly improves exciton dissociation efficiency, broadens NIR
absorption, and promotes efficient exciton generation and
separation.®

To further extend absorption, end groups are generally
designed as halogenated IC units, while the core structures
incorporate extended m-conjugation. For example, inserting an
ethylene m-bridge between the end groups and the central core

5360 | Chem. Sci, 2026, 17, 5351-5366

of Y6 increases the conjugation length and broadens the
absorption spectrum, leading to the development of the NFA
BTPV-4F, which exhibits a red-shifted absorption up to
1021 nm.* More recently, the asymmetric NFA P2EH-1V, which
incorporates a unilateral conjugated m-bridge, successfully
reduced the optical bandgap to 1.27 eV while maintaining effi-
cient exciton dissociation and favorable nanomorphology. This
design achieved an efficiency of 17.9% for the organic bottom
cell with a high Jsc of 28.60 mA cm 2, and enabled a record PCE
of 26.7% (certified 26.4%) in POTSCs over an aperture area
exceeding 1 cm?® (Fig. 7d-g).** Another promising direction
adopting a highly electron-rich di-
thienopicenocarbazole (DTPC) core derived from perylene to
construct the acceptors DTPC-IC and DTPC-DFIC, using IC and
2FIC as end groups, respectively. These acceptors exhibit an
absorption onset extending to 1020 nm.*® Building on these
molecular motifs, numerous structural modifications have been
implemented to tune ICT intensity, enabling higher current
contributions from the organic bottom subcell.

involves

5.2 Morphological engineering for electrical optimization

In addition to the development of tailored organic photovoltaic
molecules, precise control over microscopic morphology is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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crucial for optimizing exciton dissociation and diffusion at D/A
interfaces, as well as the frontier molecular orbital energy
offsets between the donor and acceptor. An ideal vertical phase
morphology features purer domains, longer exciton diffusion
lengths, shorter charge-transport pathways, and more efficient
charge collection. Numerous studies have shown that the
morphology of the active layer depends not only on intrinsic
material properties, such as polymer regularity, molecular
weight, and donor/acceptor ratio, but also on processing
methods, including solvent selection, annealing treatments,
and additive engineering (Fig. 8a).

To ensure efficient exciton diffusion and provide sufficient
D/A interfacial area for exciton dissociation, an interpenetrating
network with continuous donor and acceptor phases is
required, making the D/A ratio a critical parameter. Quantita-
tive correlations between key morphological and electrical
properties—such as crystallinity, phase separation, and exciton
recombination—have shown that an optimized D/A stoichi-
ometry markedly improves exciton dissociation yield and
charge-transport efficiency. In contrast, insufficient donor
content disrupts molecular ordering in the active layer and
consequently degrades device performance (Fig. 8b-d).*
Equally important is selecting donor materials capable of
forming well-organized nanoscale morphologies with suitable
domain size and purity to ensure efficient charge transport. For
instance, the unique chemical structure of PM6 promotes rope-
like domains with dense, ordered molecular packing.
Continued molecular design of donor materials will further
enable precise morphological control to enhance exciton
generation, diffusion, dissociation, and charge transport.

Processing methods are also widely explored. For example,
grazing-incidence wide-angle X-ray scattering analysis revealed
that the distinct performances of PM6:Y6 OSCs processed using
chloroform versus chlorobenzene arise from differences in Y6
solubility and molecular crystallinity. Chloroform induces
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stronger crystallinity in Y6 films, whereas chlorobenzene results
in low crystallinity and random molecular orientation
(Fig. 8e).” Annealing treatments, including solvent-vapor
annealing and thermal annealing, can further drive the active-
layer morphology toward thermodynamic stability. These
processes promote spontaneous crystallization of donor and
acceptor molecules, enlarge phase domains, and improve the
formation of interpenetrating networks. As a result, exciton
dissociation efficiency is enhanced, leading to higher-
performance OSC devices.

Additive engineering employs both solvent and solid addi-
tives, each influencing film formation through distinct mech-
anisms. Thermodynamically, additives modulate intra- and
intermolecular interactions between donor and acceptor mole-
cules and leverage solubility differences to control phase-
separation size and the resulting active-layer morphology.
Common solvent additives, such as 1,8-diiodooctane and 1-
chloronaphthalene, typically exhibit higher boiling points than
the host solvent. Consequently, they evaporate more slowly
during film deposition and may remain partially in the blend.
Removing these residual additives often requires high-
temperature thermal annealing, which can enlarge phase-
separation domains and deteriorate device performance,
while also negatively affecting the top WBG perovskite subcell.

Kinetic methods regulate solution aggregation, film forma-
tion, and post-treatment through the use of additives, enabling
precise control over crystallization and phase separation to
tailor the final film morphology.®* The crystallization kinetics of
non-fullerene acceptors can be effectively tuned using
crystallization-controlling agents such as acenaphthene (AP).”?
This additive directs acceptor self-assembly through a two-step
crystallization process: it first fixes the molecular packing motif
and then refines the crystalline framework, yielding highly
oriented acceptor domains within the active layer. This well-
organized morphology provides multiple charge-transport
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pathways, thereby enhancing device charge-transport proper-
ties. As a result, a high PCE of 20.9% (certified 20.4%) was
achieved for the D18/L8-BO-based device (Fig. 8f and g). More-
over, the use of solid additives overcomes several limitations
associated with solvent additives. Because solid additives
remain in the active layer, high-temperature annealing is
unnecessary, thereby preventing thermal degradation and
improving the stability of both single-junction and tandem
devices.

5.3 Interfacial regulation for electrical optimization

A high-performance tandem device imposes stringent require-
ments on the charge-transporting layers, particularly the hole-
contact interface, which must provide a dense film with good
electrical contact for efficient charge extraction while mini-
mizing optical losses to maximize light harvesting. PEDOT:PSS
has been widely employed as a HTL owing to its high conduc-
tivity and suitable work function. However, it suffers from
intrinsic limitations, including phase separation that generates
insulating PSS-rich domains, the risk of damaging the under-
lying subcell during aqueous processing, and parasitic absorp-
tion arising from its relatively low optical bandgap. Metal oxides
have also been extensively explored as bottom HTLs in OSCs
because of their intrinsic chemical stability; however, their low
conductivity and the need for complex deposition or post-
treatment processes limit their practical applications.
Recently, SAMs have emerged as promising hole-selective layer
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candidates due to their excellent hole-contact properties and
high transmittance across the vis-NIR region, offering
a pathway toward more efficient and stable interfacial engi-
neering in OSCs.”

To achieve improved interfacial energy-level alignment and
complete surface coverage, several strategies, such as molecular
design, co-deposition optimization, and SAM compositing, have
been developed. For instance, directly incorporating Me-4PACz
into the organic precursor solution enables its self-assembly at
the MoO,/organic bulk heterojunction (BHJ) interface during
solution processing. The resulting enhancement in device
performance demonstrates that the in situ-formed SAM facili-
tates efficient charge extraction at the interface while simpli-
fying fabrication (Fig. 9a and b). Although MoO, possesses
a wide bandgap exceeding 3.3 eV, undesired parasitic absorp-
tion in the NIR region can still occur when the film thickness
increases, particularly in POTSC systems where the subcells
exhibit overlapping absorption between 450 and 720 nm.
Incorporating Me-4PACz enables the use of a thinner MoO,
layer, thereby minimizing parasitic absorption while main-
taining excellent carrier transport properties (Fig. 9c). Conse-
quently, the resultant POTSCs achieve a remarkable PCE of
25.56% (certified: 24.65%) with a record FF of 83.62%.°* The
average PCE of 25.10% and its low standard deviation of +
0.14% proved the reproducibility of the developed strategies.
Compared with a standalone SAM, a co-SAM provides denser
and more uniform surface coverage, effectively suppressing
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interfacial nonradiative recombination. Furthermore, the
incorporation of 4-BrAc deepens the work function of the ITO/
co-SAM interface, promoting faster hole extraction. As
a result, the device achieves a significantly improved PCE of
20.0% (Fig. 9d and e), and an even higher PCE of 25.8% has
been achieved in POTSCs.”

Achieving a conformally stable SAM substrate in OSCs is also
essential for ensuring the long-term stability of POTSCs. A
hybrid HTL strategy, combining an ultrathin SAM with a POM,
has been developed to improve surface coverage (Fig. 9f) and
induce p-doping in the polymer donor,” thereby increasing the
charge carrier density (Fig. 9g). Consequently, the optimized
OSCs with the stabilized SAM:POM composite effectively
suppress burn-in decay caused by degradation of the standal-
one hole-selective layer (Fig. 9h), which can be attributed to the
robust ohmic contact at the HTL/active-layer interface during
physical aging.®”

6. Summary and perspectives

The emergence of perovskite and organic materials offers
a promising path toward performance-improved, cost-effective
tandem solar cells. These thin-film photovoltaic materials not
only provide complementary optical and electronic properties
but also enable innovative device architectures that can be
tailored for specific applications, setting the stage for the next
generation of high-efficiency photovoltaics. To minimize energy
losses arising from intrinsic material properties and the fabri-
cation process of multilayer tandem devices, researchers have
dedicated themselves to reducing the defect-induced non-
radiative recombination and suppressing mixed-halide-
triggered phase separation in WBG PSCs. In parallel, ICL
architectures have been optimized to enhance charge trans-
portation and optical transmittance, while organic subcells
have undergone electrical and optical optimizations of organic
absorbers and interfacial layers. These efforts have enabled
POTSCs to achieve a certified PCE of 26.4%. Nevertheless, their
performance and research progress still lag behind those of
perovskite-silicon and all-perovskite tandem architectures.
Concurrently, studies on long-term stability remain limited and
insufficient for commercialization requirements, and scaling
up to large-area devices remains a significant challenge.
Continued advancements in POTSCs are therefore anticipated
to address these critical barriers.

(1) In terms of efficiency, a key challenge for POTSCs is their
low Jsc, which stems from the limited photon harvesting of
advanced Y6-series NFAs. These NFAs exhibit incomplete visible
absorption and restricted NIR extension, resulting in limited
external EQE and increased energy loss. To overcome this
limitation, it is essential to design novel NFAs with absorption
extending beyond 1000 nm in the NIR, complemented by
visible-light compensation through third components, while
ensuring efficient charge transport and minimal energy loss.
The low charge mobility of organic BHJ layers and energy-level
misalignment at the perovskite/organic interface induce
pronounced charge recombination, significantly reducing the
FF and overall PCE. Developing BHJ materials with high carrier

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mobility and optimizing energy-level alignment are therefore
critical for performance enhancement. Furthermore, conven-
tional narrow-bandgap donors often fail to effectively block
electrons due to their deep LUMO levels, necessitating
molecular-level design of new BHJ systems combining narrow-
bandgap acceptors with wide-bandgap donors for improved
near-infrared absorption and charge management. Looking
ahead, the integration of machine learning with high-
throughput techniques could accelerate the discovery of novel
organic materials with enhanced photovoltaic properties, opti-
mizing device architectures, and streamlining fabrication
processes, thereby potentially reshaping the landscape of
POTSC research.”® Considering that organic subcells haven't yet
approached their realistic efficiency limit (currently just above
21%), continued molecular design and interface optimization
could enable an additional 2-4% absolute increase in tandem
PCE in the coming years.

(2) Regarding stability, both perovskite and organic mate-
rials are susceptible to environmental factors such as moisture,
UV light, and oxygen. Photoinduced halide segregation is
a major degradation pathway in WBG perovskite subcells. This
process leads to the formation of iodine-rich, low-bandgap
domains, resulting in reduced radiative efficiency, Vo loss,
and visible color changes. Mobile ions (I", Br_, MA") migrate
under bias, illumination, or heat, which not only accelerates
halide segregation but also leads to reactions with metal elec-
trodes or charge transport layers, subsequently corroding
interfaces. Organic cations (MA", FA") can volatilize at elevated
temperatures, causing collapse of the perovskite lattice. In
narrow-bandgap NFA subcells, chemical bonds are highly
susceptible to attack by singlet oxygen generated under light
and oxygen exposure. This degrades the molecular backbone,
disrupts active-layer morphology, and causes rapid loss of Jsc.
Thermal stress can induce excessive phase separation or crys-
tallization of donor/acceptor domains, impairing charge
generation and transport. Additionally, interdiffusion between
subcells can accelerate device degradation. Halide ions from the
perovskite may diffuse through the ICL and poison the organic
active layer, while organic materials from the subcells can reach
the recombination layer, inducing significant non-radiative
recombination. Therefore, ICLs with structural and electrical
stability, as well as dense morphology, are essential to mitigate
these effects.

It is acknowledged that OSCs with T¢s > 5000 h under MPP
tracking and WBG PSCs with Ty, = 500 h after aging at 60 °C in
an N, atmosphere have been reported.®** Furthermore,
POTSCs exhibit improved operational stability compared with
single OSCs due to the UV filtering by the WBG perovskite
subcells, indicating promising long-term stability.” However,
comprehensive studies on POTSC stability under various
International Summit on Organic Photovoltaic Stability (ISOS)
protocols remain limited. A deeper understanding of the critical
factors affecting tandem stability, including both the absorber
and functional layers, is still required. In addition, while
advances in component materials facilitate performance, the
development of edge-sealed, hermetic encapsulation with water
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vapor transmission rates below 107° g per m® per day is
essential for achieving device longevity.

(3) For scalable manufacturing, current solution-processable
large-area film deposition methods (e.g., blade coating, spray
coating, slot-die printing) still yield inferior film quality
compared to spin coating.'® These challenges are exacerbated
at the module level due to increased film inhomogeneity and
a higher likelihood of defects in large-area thin films,*** high-
lighting to need to narrow the performance gap during device
scaling. By increasing the thickness of the OSC layer, Yang's
group fabricated a 18.48 cm>-POTSC module achieving a PCE of
18.54% for the first time,** and flexible POTSCs have been
demonstrated with a PCE of 13.61%."*> The potential for flexible
POTSC modules is further enabled by low-temperature fabri-
cation processes compatible with a roll-to-roll procedure. Thus,
in-depth investigation of film formation mechanisms and the
development of innovative, industrial-scale fabrication tech-
niques are urgently needed.

From these perspectives, the anticipated improvements in
efficiency, stability, and manufacturability position of POTSCs
make them promising candidates for applications in wearable
electronics, smart windows, and integrated energy-harvesting
systems.
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