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Towards commercialization: perspectives and
challenges of solution-processed perovskite-based
tandem photovoltaics

Jiaxiang Lv,12 Liyun Le,1® Shuo Yao,? Zenggi Huang*® and Yiwang Chen @ *a¢

Over the past decade, single-junction perovskite solar cells (PSCs) have achieved remarkable progress, with
power conversion efficiencies (PCEs) reaching 27.3% and approaching their efficiency limit. Perovskite-
based tandem solar cells (PeTSCs) have garnered significant attention due to their potential to surpass the
Shockley—Queisser (S—Q) limit of single-junction solar cells. Owing to their tunable bandgap, perovskite
materials can serve as both narrow-bandgap rear cells or wide-bandgap front cells, enabling the
formation of high-efficiency tandem architectures. However, several challenges remain in transitioning
from single-junction to tandem solar cells (TSCs). This review highlights recent advances in solution-
processed PeTSCs, covering the key issues from material engineering to subcell integration, including
phase segregation, interface defects, energy loss, interconnection depletion, and stability. Furthermore,
we discuss emerging research trends and provide insights into future challenges and commercialization
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prospects. Perspectives on the core aspects related to the future development of PeTSCs are provided.

1. Introduction

Photovoltaic technology has become the most promising
candidate for converting light energy into electrical energy. Up
to now, silicon (Si) solar cells have dominated the photovoltaic
cell market on account of their high power conversion effi-
ciency, stability, and mature large-scale production. However,
inherent limitations of Si-based technologies, including
rigidity, fixed bandgaps, high production costs, and energy-
intensive vacuum deposition processes constrain their scal-
ability potential. Since perovskite materials with a crystal
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structure of ABX; were discovered, they have garnered extensive
attention due to their exceptional light absorption capabilities
and easily adjustable bandgap (E,), low-temperature solution
preparation, low cost, and flexibility."® Although initial PCE
stood at only 3.8%, continuous scientific research has led to
substantial improvements in single-junction perovskite solar
cell performance.® The PCE of the latest certified PSCs has
reached 27.3% (Fig. 1a).’ This rapid improvement in PCE
adequately demonstrates the development potential of PSCs,
and stimulates great interest from the scientific and industrial
communities in the commercialization of perovskite photovol-
taic technologies.

In single-junction photovoltaic devices, the primary energy
loss mechanisms are attributed to sub-bandgap photon trans-
mission and thermal relaxation of photoexcited hot carriers
(Fig. 1b). Researchers have made many attempts to solve this
problem, such as multiple exciton generation, hot carriers and
tandem design. Among them, the most promising method is to
develop tandem devices, and TSCs have also been proven to
have better practical performance potential than the S-Q limit
(33.7%) (Fig. 1c).*>*

The operational principle of perovskite-based tandem solar
cells is founded on a strategy of spectral complementarity and
electrical collaboration.” Through the monolithic integration
of sub-cells possessing distinct bandgaps, the solar spectrum
can be harnessed more effectively. Each sub-cell independently
absorbs photons within its respective energy range, which can
generate electron-hole pairs. Subsequently, charge carriers are
separated by the built-in electric field, producing a photo-
voltage. This enables the additive combination of their respec-
tive open-circuit voltages, while the overall current is
constrained by the poorer-performing sub-cell.** Due to the
reduction of thermal loss and transmission losses, PCE can be
increased to >40%, so people are paying more and more
attention to tandem cells (Fig. 1d and e).**

The electrical coupling configuration between the front and
rear subcells serves as a key criterion for classifying TSCs. Based
on this principle, TSCs are generally categorized into two
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primary types: monolithic (2-terminal, 2T) TSCs and mechan-
ically stacked (4-terminal, 4T) TSCs. 4T TSCs consist of inde-
pendently fabricated subcells that are mechanically stacked,
eliminating the need for current matching or ICL/tunnel junc-
tions (TJ) structures. The architecture provides greater pro-
cessing flexibility, allowing separate optimization of each
subcell.***®* By contrast, monolithic 2T TSCs, featuring a verti-
cally integrated structure with sequentially deposited layers,
present a more cost-efficient and lightweight solution. By
eliminating redundant conductive layers, it minimizes parasitic
absorption losses associated with lateral current collection in
transparent interlayers, as charge transport is confined to
vertical conduction through the ICL. High-performance mono-
lithic 2T TSCs fundamentally require efficient electrical
coupling between the constituent subcells.”*** The ICL must
simultaneously ensure efficient optical transmission, electrical
conductivity, and mechanical stability between subcells. Under
illumination, the front cell absorbs high-energy (short-wave-
length) photons, while the rear subcell captures the transmitted
low-energy (long-wavelength) photons, enabling complemen-
tary spectral utilization.”® Additionally, since the quasi-Fermi
levels of electrons and holes in the two subcells differ, the ICL
must facilitate efficient recombination at the interface to ensure
proper electrical interconnection. The optimal ICL must
provide sufficient recombination sites and form an ohmic
contact with the charge-extracting layers of each subcell to
facilitate rapid electron-hole recombination, mitigating open-
circuit voltage loss (V¢ loss) caused by charge accumulation.
The ICL should exhibit low series resistance to minimize energy
dissipation during charge transport.

Wide-bandgap (WBG) perovskite has been demonstrated to
be a suitable material for constructing PeTSCs. With the rapid
development of WBG PSCs, perovskite/Si, perovskite/Cu(In,Ga)
Se, (CIGS), and all-perovskite TSCs have obtained the highest
certified efficiency of 34.9%, 26.3%, and 30.1%, respectively.>
Notably, the low-temperature solution treatment (<100 °C) of
all-perovskite TSCs has an absolute advantage in terms of
manufacturing flexibility, and significantly reduced production
costs. These merits position all-perovskite TSCs as the most
viable solution for future large-scale commercialization of high-
efficiency, low-cost tandem photovoltaics.'*** Nevertheless, the
WBG perovskite typically has a high Br-content (typically
=30%), which induces phase segregation under continuous
illumination to form I-rich and Br-rich phases.*® The halogen
phase segregation and interfacial defects will accelerate carrier
recombination and increase voltage losses.”® Moreover, the
oxidation of Sn*" to Sn*" leads to high defect state density and
material degradation. It will further affect the photoelectronic
properties and stability of all-perovskite TSCs.>” In addition to
all-perovskite TSCs, emerging OSCs have become an attractive
option for narrow-bandgap (NBG) rear cells due to their good
near-infrared absorption and flexible solution processability.
Recently, Li et al. utilized the ternary component of PM6:BTPSe-
Ph4F: MO-ITIC-2F as rear cells to boost the certified PCE up to
25.7% for perovskite/organic tandem solar cells (PO-TSCs).?®
The development of perovskite or organic materials, combined

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(a) Three-dimensional crystal structure of perovskite, and PCE of PSCs released by the National Renewable Energy Laboratory. (b) Band

diagram of the thermalization loss (i.e., hot carriers generated by light-excitation [hv] higher than the bandgap [Eg], followed by cooling/
relaxation) and below-band-gap loss (i.e., hv < Eg, transmittance loss).** Copyright 2023, Elsevier. (c) The theoretical maximum efficiency of
single-junction solar cells is calculated according to the S—Q limit, and single-junction solar cells based on Si and GaAs currently hold the record
for the highest efficiency. PCE of single-junction solar cells released by the National Renewable Energy Laboratory. (d and e) Practical efficiency
limits of two-junction solar cells with 2-terminal (d) and 4-terminal (e) configurations.®*® Copyright 2020, Elsevier. (f) Timeline and the PCE
evolution of Pe-TSCs with different compositions of perovskite and organic active materials.28-3°

with technical advances at ICL, rapidly increased the PCE of
solution-processed PeTSCs in just a few years (Fig. 1f).>**

In this review, we systematically summarize the key issues
from material design to subcell integration of PeTSCs, and
reveal the physical mechanism and materials science principle
of efficiency improvement. To identify the important levers for
further progress, we focus on the optimizations of wide-

© 2025 The Author(s). Published by the Royal Society of Chemistry

bandgap perovskite front subcells and narrow-bandgap perov-
skite or organic rear subcells before discussing the consequence
of interconnecting layers for tandem devices. Finally, we iden-
tify the challenges associated with flexible configuration and
large-area manufacturing tandem concepts, and offer insights
into the emerging research directions and commercialization of
solution-processed PeTSCs.
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2. Bandgap tuning and interface
engineering for WBG perovskite front
cells

2.1 Bandgap tuning of WBG perovskite

2.1.1 Composition (ABX;). As the front cell of PO-TSCs, the
crystal structure of WBG PSCs is ABX;. WBG PSCs can adjust
their bandgap to match the back cell by adjusting different
chemical compositions. The conduction band is mainly domi-
nated by B-p orbitals, and the valence band is composed of B-s
and X-p orbitals. While the A-site cation does not have much
effect on the band, it can affect the bandgap by affecting the
lattice size.’”*® A, B and X sites have a significant impact on the
bandgap of the perovskite material, which also leads to the fact
that WBG PSCs usually have complex components. Their
different ionic properties will compete with each other to
enhance and complicate the crystallization process of the film,
forming different morphologies/geometries. Thus, it is chal-
lenging to understand the mechanism of WBG PSC film
formation and control the morphology and characteristics of
the film. Although the wider the bandgap of perovskite, the
greater its limiting Vo, the crystalline nucleation of the
perovskite is determined based on supersaturation. And crystal
growth is mainly driven by ion diffusion into the formed
nucleus. In general, by altering the L:Br ratio, it is possible to
adjust the E, between 1.48 eV and 2.3 eV (Fig. 2a).*® The
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structural integrity of perovskite crystals necessitates precise
optimization of halide stoichiometry (X = I/Br) to achieve
a Goldschmidt tolerance factor (¢) approaching the ideal range
of 0.9 < t < 1.0, thereby stabilizing the cubic phase through
balanced ionic radii matching between A-site cations and
[BXe]'™ octahedra (Fig. 2b).***' However, considering the low
solubility of bromide and the small ionic radius of Br™ (r=1.96
A) compared to I" (r = 2.20 A), a high concentration of Br
content can accelerate one of the crystallization processes of
perovskites. As a result, there are intrinsic defects in WBG
perovskite.”»** The high defect state density and photoinduced
phase segregation of WBG perovskite cause large Voc loss of
WBG PSCs. Therefore, several optimization strategies have been
developed, which can be summarized as additive engineering,
interface engineering, and mixed cation engineering, to solve
the above problems and further reduce Vo loss and increase
PCE.

2.1.2 Additives. Additive engineering is one of the effective
methods to passivate defects. To achieve high efficiency and
stability, it is essential to apply additive engineering to PSCs.
Additive engineering improves the efficiency and stability of
perovskites by controlling nucleation and crystal growth, while
for WBG perovskite, a high concentration of Cs or Br will
significantly accelerate the crystallization process, resulting in
poor crystallicity, a rough surface, and greater defect state
density of perovskites, which greatly limits its Voc improvement
and photostability (Fig. 2c).2**** Adding additives into
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Fig. 2 (a) E4 versus perovskite composition for Cs,FA;_,Pb(Br,l;_,)3.3 Copyright 2016, The American Association for the Advancement of
Science. (b) Correlations between the tolerance factor and crystal structure of perovskite materials.*® Copyright 2016, American Chemical
Society. (c) Optical images showing perovskite film morphologies at varying Cs/Br contents.>* Copyright 2021, Springer Nature. (d) PCE values for
cells using (FAPbIs); _,(MAPDbBr3), materials, which were annealed at 100 °C for 10 min (black line); the red diamond indicates the PCE value for the
cell fabricated using pure FAPbIs (x = 0); annealing was performed at 150 °C for 10 min to form the black perovskite phase.*® Copyright 2024,
John Wiley and Sons. (e) Schematic diagram of filling vacancy defects and relieving lattice strain during annealing of the WBG perovskite film.>*
Copyright 2025, American Chemical Society.
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perovskite precursor solutions facilitates controlled crystalliza-
tion kinetics, enlarged grain size, and reduced grain boundary
density in perovskite thin films. Simultaneously, surface and
grain boundary defects can be effectively passivated. For
optimal application of additive engineering in perovskites,
interactions between the additive and the perovskite precursor
solution must be considered. First, the organic cations in halide
perovskites are mainly composed of ammonium functional
groups. The ammonium functional group interacts with the
[BXe]'™ octahedron through hydrogen bonds, in which the
change in the A-site cation mainly affects the phase or crystal
structure, and does not significantly change the band structure
and band edge charge carriers.***® Employing mixtures of
multiple cations has emerged as an effective strategy for
enhancing the performance and stability of perovskite layers.
For instance, FAPbI;, commonly used in perovskite solar cells
(PSCs), undergoes a phase transition from the d-phase (non-
perovskite) to the a-phase (perovskite) at 150 °C. However, due
to lattice contraction, the a-phase can be stabilized at lower
temperatures when a smaller cation, such as MA, is introduced
into the FA position. Seok et al. demonstrated that the mixed
FA'/MA" cation system in (FAPbI;);_,(MAPbBr;), improves
perovskite film morphology and optimizes fabrication protocols
in PSCs. Finally, the efficiency and stability of PSCs are
improved (Fig. 2d).”” The small radius of the A-site cation can
shrink the perovskite crystal structure and the [PbX¢]'™ octa-
hedron, strengthening the A-site cation-halogen bond. The use
of smaller cations at the A site increases the bandgap of the lead
halide perovskite and can be improved. In addition, it is found
that rubidium is suitable for crystal structure formation without
additional defects. It can increase the ion migration barrier and
further inhibit ion migration through lattice distortion. Yang
et al. found a lattice strain adjustment strategy for high-
performance WBG PSCs. Rubidium (Rb) cations were intro-
duced to fill the A-site vacancies caused by methylammonium
volatilization, which alleviated the shrinkage strain of the
perovskite crystal. The reduced lattice distortion and increased
halide ion migration barrier lead to homogeneous mixed halide
perovskite films (Fig. 2€).*® However, excessive addition of Cs" is
damaging to the perovskite structure and causes the film to
decompose quickly in air. In addition, excess Cs" will cause the
phase transition temperature of perovskite to become higher.
Yuan et al. investigated the degree of influence of A-site cations
on the overlap of metal halide orbitals. Such changes in metal-
halide bonding have direct effects on valence and conduction
band positions, bandgaps, and the stability of the perovskite
lattice.*” In addition to cations smaller than FA, larger cations
including guanidinium (GA), imidazolium (IA), and di-
methylammonium (DMA) are also used as additives. Among
them, the ionic radius of the commonly used large cation GA is
about 278 pm, which is slightly larger than the tolerance
factor.>® However, incorporating GA" into perovskites increases
hydrogen bonding within the inorganic framework, forming
a highly stable three-dimensional (3D) crystal structure. This
enhanced stability improves carrier lifetime and inhibits ion
migration.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In addition to cationic doping, some researchers improve the
performance of perovskite by adding anionic additives. Thio-
cyanate (SCN) can control the defect tolerance and charge
carrier trapping, and reduce the GB of perovskite thin crystals,
which will not have a great impact on the band gap of perov-
skites.*>**> Zhou et al. proposed a combined application of lead
thiocyanate (Pb(SCN),) and olamine hydrochloride (OAmCI) for
the perovskite precursor solution. While SCN™ is capable of
crystallizing, it is easy to form PbI, defects, and OAmCI has the
potential to hinder the production of Pbl,. The formation of
interface dipoles through surface assembly promotes the N-type
characteristics on perovskite surfaces, thereby facilitating
enhanced carrier extraction efficiency. The device efficiency is
21.55% and the fill factor (FF) is 86.03% (the bandgap is 1.65
eV).* In addition to SCN™ ions, which effectively increase grain
size, MACI additives are also commonly employed to enhance
the crystallinity and uniformity of perovskite films. Snaith et al.
proposed that MACI used in perovskite will lead to the forma-
tion of Cl™ rich intermediate phases, promote the crystalline
growth of perovskite, and reduce the bulk defects and photo-
electric properties of perovskites.**

2.1.3 Phase segregation. Phase segregation in the WBG PSC
is the most pressing bottleneck for the stability of PeTSCs. The
bandgap of mixed halide perovskites is mainly adjusted by
changing the composition of the halide, for example, it can be
used to achieve a bandgap of 1.79 eV with a I: Br (3:2) mixed
halide.?* However, with the increase in the relative content of Br
in perovskites, the perovskite phase tends to separate into I-rich
and Br-rich domains under illumination (Fig. 3a), forming a Br-
rich perovskite with a higher bandgap and I-rich perovskite with
a lower bandgap.** The energy difference serves as the ther-
modynamic driving force for halide segregation.” And the
significant valence band offset between I-rich and mixed phases
readily locates and traps holes. Charges pooling from the mixed
WBG phase into I-rich regions dissipate energy, reducing the
achievable Vo¢ in high-Br-content PSCs. Charges in the well-
mixed WBG phase pool into the I-rich region, losing energy in
the process and thereby reducing the achievable V¢ of the high
Br content PSCs. This funnel effect leads to a high charge carrier
density in the I-rich phase, which in turn leads to very prevalent
low-energy photoluminescence. In addition, due to the low
saturation of bromide, the Br-rich region will accelerate the
crystallization of perovskite, and the bromide-rich region in the
perovskite structure will lead to an increase in trap density and
the existence of a large number of deep-level defects, which
results in severe non-radiative composite loss.*®*¢ Interestingly,
once back in the dark, the entropy-driven mixing of halides
brings the system back to homogeneous conditions, and
despite a reversible material transition, the carrier lifetime is
too short relative to the ionic dynamics to allow the system to
return to its initial state. Photoinduced phase segregation was
first discovered in 2015 by Hoke et al., who observed that mixed
halide perovskites would redshift under light (Fig. 3b).***” A
large number of experimental results show that the composi-
tion and electronic structure of WBG perovskite will change
under light. Macrometrically, segregation of mixed halide

Chem. Sci., 2025, 16, 18559-18598 | 18563
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luminescence (PL) spectra in 5 second segments over 45 seconds of continuous wave (CW) illumination (Aexc = 457 nm, lgye =15 MW cm™

%) at

300 K.5” Copyright 2020, Elsevier. (c) Bias-assisted charge extraction (BACE) and modified Mott—Schottky (MS) analysis at low frequencies
provide ion density values for perovskite photovoltaic devices.’® Copyright 2023, American Chemical Society. (d) Schematic illustration of
a crystal lattice with vacancies (dangling bond) at surfaces and grain boundaries.®¢ Copyright 2022, John Wiley and Sons. (e) Schematic diagram
for inhibition of iodide ion migration in the control (I) and target () devices.®®* Copyright 2024, Springer Nature.

perovskites is favorable for a lower Gibbs free energy, which is
represented by
AGhnix = AHmix — TAShix

where H, T, and S correspond to the enthalpy, temperature, and
entropy, respectively. When the free energy is negative, the
mixed halide perovskite will be more stable. In general, external
stimuli can be used, such as adding bias or light, to increase
AHnhix and change the free energy, so that phase segregation of
WBG perovskite occurs. At the microscopic level, all phase
segregation is related to ion migration, which is closely related
to morphology. Studies have shown that halogen anions have
the lowest ion migration energy in perovskites, this means that
the halogen anion is more likely to be offset than the A-site
cation and B-site cation, which leads to phase segregation in
WBG PSCs.>**® Mobile ions can lower device performance and
stability by impeding charge extraction and screening the
internal electric field. Due to the complex ion composition of
the WBG perovskite, the internal ion migration problem is
difficult to solve. Stolterfoht et al. conducted a low-frequency MS
analysis to demonstrate that light induction produces phase
segregation and can eliminate ion density. It is dependent on
the internal field distribution in the layer stack, able to accu-
rately determine the movement of CV charges (Fig. 3c).*

18564 | Chem. Sci, 2025, 16, 18559-18598

Experimental studies have indicated that the iodine vacancies
(Vi) and interstitial iodine defects (I;”) exhibit extremely low
migration activation energy. Furthermore, Barboni revealed
that V;" formation occurs via the neutralization of I;~ by
photogenerated holes, with such defects preferentially accu-
mulating at perovskite grain boundaries (GBs). Under pro-
longed thermal stress, it will lead to the degradation of
perovskite and halide vacancies, forming more GBs. The higher
concentration of positive space charge near the GBs may serve
as the initial driving force for phase segregation (Fig. 3d).® This
leads to phase segregation and facilitates the high mobility of
iodine under thermal stress. Subsequent iodine diffusion along
the perovskite surface and into the hole transport layer (HTL)
significantly degrades device performance and stability. To
mitigate these effects, increasing grain size and passivating
boundary defects can increase the activation energy (E,) for ion
migration while suppressing phase segregation. For instance,
introducing cationic dopants such as Cs" or Rb' promotes
perovskite crystal growth, thereby enlarging grain size and
improving stability. Defects can also be blunted by thiocyanate
ions (SCN™) to reduce halide migration pathways. Li et al. found
that incorporating a small amount of SCN™ into perovskite
films enabled its entry into the lattice, forming an I/Br/SCN alloy
phase and occupying iodine vacancies, thereby modifying the
crystal structure and optical properties. In particular, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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addition of SCN™ to the perovskite lattice significantly increases
the spatial steric hindrance, thereby greatly increasing the
energy barrier for I" migration and effectively inhibiting ionic
migration.”® The results demonstrate that steric hindrance
effects can be efficiently mitigated through ion migration.*
Moreover, prolonged illumination induces phase segregation,
as photogenerated electrons and holes drive halogen ion
migration under an electric field. Due to the differences in
mobility and chemical potential of different halogen ions, they
will redistribute in the material under the action of photog-
enerated charge carriers, thus causing phase segregation.
Additionally, photoexcitation may cause the interaction
between the halogen vacancy and the halogen gap to form
a Frenkel pair defect, and the iodine on the bromine gap will
migrate faster to the free iodine site to induce phase segrega-
tion. Based on this, research on realizing WBG PSCs with
balanced charge transport is expected to suppress phase
segregation. The internal electric field of perovskite can be
controlled by controlling the doping. Han et al. induced an
electric field inside the perovskite by precisely controlling the
doping depth, which counteracted ion migration while
enhancing carrier separation, thus suppressing phase segrega-
tion (Fig. 3e).*® Due to the presence of tensile strain caused by
lattice mismatch between the I” and Br~ perovskite lattices,
WBG perovskite may exhibit lower ion mobility E, than their
normal counterparts.*®** Moreover, a higher Br~ ratio intro-
duces excess halide vacancies, creating ion migration channels
and recombination centers. Reducing the Br content modifies
the lattice volume and alleviates strain. Notably, the unit cell
volume decreases significantly from I to Br to Cl, suggesting that
partial substitution of Br~ with Cl~ can effectively control
strain, thereby enhancing the activation energy (E,) for ion
mobility. Hence, phase segregation is the primary problem in
manufacturing efficient and stable WBG PSCs.*

2.2 Interface engineering

2.2.1 Surface passivation. Extensive research has focused
on improving radiative recombination and reducing non-radi-
ative recombination in perovskite.’***®” A variety of methods
exist for localized charge carriers via quantum confinement®®
and ion doping,” or enhancing photon state density using
metamaterials to boost the rate of radiation recombination.” In
addition, the trap-assisted non-radiative recombination rate
can be reduced by the recrystallization of perovskites™ or the
chemical passivation of defects.”

It is theoretically shown that the dominant intrinsic defects
formed in the perovskite layer are shallow-level defects.”
However, it has been demonstrated that mitigating defects in
perovskite films is crucial for enhancing the performance and
stability of PSCs. Notably, high-density surface defects at poly-
crystalline grain boundaries drive degradation of the perovskite
structure. These surface defects likely originate from the evap-
oration of volatile organic components during thermal
annealing, and therefore surface passivation is essential.”*”®
The majority of the passivated molecules on the surface are
spin-coated on the perovskite film, and the resulting film

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exhibits changes in its surface chemical and physical proper-
ties, which affect the interface-induced recombination loss.
Surface defects can be mitigated through the interaction among
relevant molecular species. You et al. developed phenethyl-
ammonium iodide (PEAI), an organic halide salt, as a surface
passivation additive for 3D perovskite structures during the
post-processing of hybrid perovskite materials (Fig. 4a).”® This
approach demonstrated significant effectiveness in mitigating
surface defects within perovskite films. Due to the strong
intermolecular forces such as hydrogen bonds between small
molecules and -1 stacking, most interface passivation will
induce self-aggregation. This aggregation can be alleviated by
introducing additional steric groups. Chen et al. weakened the
self-aggregation initiated by intermolecular hydrogen bonds
through the ester group, and the aggregation could be dispersed
by heating to form a mesh insulating layer with random open-
ings, thus greatly increasing the charge transport capacity
(Fig. 4b).”” In addition, the chalcogenide-based functional
ligands exhibit strong binding to deep-level Pb** defects and
halogen vacancies, demonstrating superior interfacial passiv-
ation capability. Huang et al. explained that the flat molecular
structure of chalcogenide-based functional ligands would
hinder their ability to fully encapsulate or trap defects on the
perovskite surface that could exacerbate non-radiative recom-
bination.” Large organic conjugated molecules enable near-
100% internal luminescence efficiency and provide stable
surface passivation in perovskite films. Nevertheless, these
molecules might restrict the movement of charge carriers. The
impact of organic ligand conjugation on the performance of
PSCs remains challenging.”

In addition, the construction of interface 2D/3D hetero-
structures via long-chain alkylamines is widely used to blunt
defects, prevent ion migration, and inhibit phase segregation of
PSCs (Fig. 4¢).**® When the quasi-2D (n = 2) perovskite layer is
directly constructed on the Cs and FA WBG perovskite thin film,
the WBG PSCs achieve a power conversion efficiency of 19.6%
and open circuit voltage of 1.32 V, and the all-perovskite TSC
shows a stable PCE of 28.1%.%> These 2D/3D structures were
formed by spin-coating ligand solution onto the surface of
perovskite. The Voc loss of the WBG PSCs was limited by using
the halide amine in surface posttreatment. In addition, Zhao
et al. tuned 2D perovskite phase purity on 3D WBG perovskite
using phenethylammonium bromide (PEABr) post-treatment at
controlled annealing temperatures. This approach can
passivate surface defects and optimize the surface electric field.
The results show that the 1.77 eV WBG PSC achieves a PCE of
17.72% and a high Vo of 1.284 V, and a four-terminal (4-T) all-
perovskite TSC is constructed to obtain a PCE of 25.17%.%
These 2D passivation layers passivate perovskite surface
defects, thereby enhancing device PCE. However, the diffusion
of organic ligands in the passivating layer will damage the 3D
perovskite structure of the perovskite at high temperatures,
which will affect the stability and efficiency of PSCs.** Besides,
a more stable interface structure of corresponding PSCs can be
constructed by introducing aniline and its fluorinated deriva-
tives.®® On the one hand, the influence of organic amines on the
internal structure of perovskite is still controversial. On the

Chem. Sci., 2025, 16, 18559-18598 | 18565


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05266a

Open Access Article. Published on 08 September 2025. Downloaded on 4/7/2026 2:47:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

*{. Phenylethylamine
©

o*¢ Formamidine
@ Lead
© lodide
¢~ lodide vacancy

~

Perovskite

poor contact Y“' BT (§ e

AY X < interface recombination
F > "1&' ¥ U, s ® ° o 9o 9 o e o

“' ofofofotofofoto

Fig. 4

View Article Online

Review

Y ®
B

©

-

PN
NN B

,
<\
~
.
=
A\YE
QOO OB . B |

7Y

o,
N A

DAL, *
ESAS A
A D E
S AS X

ACACA S

‘ /_\/‘{“““

Ag
ETL (C60/BCP)
i J g ml
ée : Substrate !
Perovskite ?a ©h a?l_____i__d__?_'

w1 fTme] e |
HTL(PTAA/SAM) © © ©
TCO glass

(a) Underlying passivation mechanism of the PEAI layer for the perovskite film.”® Copyright 2019, Springer Nature. (b) Schematic diagram

of the SMC molecular post-treatment process and distribution.”” Copyright 2024, American Chemical Society. (c) The mechanism of 3D
perovskite formation on indium tin oxide (ITO)/(2PACz + HBzA) and cation exchange at the bottom interface (left); a 2D/3D heterojunction on
the ITO/2PACz bottom contact (right).2° Copyright 2024, Springer Nature. (d) Schematic of the perovskite/Cg surface layer without passivation.
(e) Schematic diagram showing the chemical modification of the CsPbBr3 perovskite with Al,Os (left); real-space distributions of the densities of
electronic states at conduction band minima of the bare and Al,O3-modified CsPbBrs; perovskites (right).®* Copyright 2022, John Wiley and Sons.
(f) Schematic description of the PIC device structure.®> Copyright 2023, The American Association for the Advancement of Science.

other hand, organic amines react with excess PbI, on the
surface of perovskites and form low-dimensional perovskites.
The relevant mechanism needs to be further discussed.
Beyond defect passivation, interfacial recombination criti-
cally influences device performance, particularly in TSCs. Cg,
PC¢:BM, and ZnO are commonly employed as electron trans-
port layers (ETLs) in inverted PSCs. Notably, the perovskite/Ceq
interface suffers from poor contact® and inefficient energy level
alignment,* with these limitations becoming increasingly
pronounced upon device expansion (Fig. 4d). To address this
challenge, researchers have introduced interfacial layers
between perovskite and Cgo. Chen et al. demonstrated that 2-
aminoethyl hydrochloride (AET-HCI) forms low-dimensional
phases, simultaneously suppressing non-radiative recombina-
tion and optimizing interfacial energy level alignment. This
approach yielded WBG (~1.67 eV) PSCs with a high Vg 0f 1.25V
and a stabilized PCE of 20.62%.*® Similarly, lithium fluoride
(LiF) interlayers significantly enhance the performance of PSCs,
though the passivation mechanisms remain incompletely
understood. Korte et al. demonstrated that LiF introduces
interfacial dipoles and fixed positive charges, reducing hole
concentrations and improving energy level alignment between
Ceo and perovskite.*” Conversely, Lee et al. revealed that aging
induces Li" migration into the perovskite bulk while F~ remains
at the interface. The mobile Li* occupies interstitial sites,
causing lattice expansion that improves the FF and induces n-
type doping near the surface. This creates an extended deple-
tion region and built-in electric field that facilitates efficient

18566 | Chem. Sci., 2025, 16, 18559-18598

electron extraction.®** Radiative recombination efficiency
serves as a critical determinant of perovskite luminescence
properties, though quantifying the intrinsic radiative recombi-
nation rate remains challenging. Moving beyond conventional
passivation strategies, Schmidt et al. developed an interfacial
engineering approach through chemical modification to
construct perovskite-oxide heterostructures. The analysis of
excited-state dynamics and electronic band structures demon-
strated that Al,O; modification significantly enhances exciton
binding energy and increases local electron state densities at
perovskite surfaces, which can boost radiative recombination
efficiency (Fig. 4e).”*

Al,O; serves as a versatile dielectric material in PSCs, which
can function both as an upper-interface passivation layer and
an ultrathin insulating buffer at the bottom interface. Recently,
Xu et al. proposed a porous insulator contact (PIC) strategy,
inspired by local contacts in Si photovoltaics, wherein a ~100
nm Al,Oj; interlayer was introduced between the perovskite and
HTL. This architecture featured stochastic nanoscale apertures
formed via solution-processed Al,0; nanoplate assembly,
reduced the perovskite/HTL contact area by ~25%, and sup-
pressed surface recombination velocity from 64.2 cm s~ " to 9.2
cm s '. The PIC simultaneously enhanced perovskite crystal-
linity and minimized non-radiative losses, enabling a champion
PCE of 25.5% (Fig. 4f).*

2.2.2 Bottom interface. While top interface modification
effectively passivates surface defects and suppresses ion
migration, the bottom interface remains a critical challenge due

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to its propensity for defect-induced non-radiative recombina-
tion, which significantly deteriorates device performance and
stability. The modification of the bottom interface is compli-
cated by two key factors: (1) the dissolution of pre-deposited
interfacial molecules by polar solvents (e.g. DMF and DMSO)
in perovskite precursor solutions, and (2) the difficulty of in situ
defect characterization compared to that of the top
interface.”**® Additionally, the rapid crystallization of perov-
skite films generates a high density of defects, predominantly
localized at grain boundaries and interfaces, further exacer-
bating charge recombination losses.””*® The rapid crystalliza-
tion exacerbates defect formation at the bottom interface, due
to its role as the termination site of perovskite nucleation and
film growth.”® Consequently, the interface is frequently plagued
by incomplete coverage, non-uniform nucleation, and poor
interfacial contact. This invariably results in a higher defect
density and inferior electronic properties compared to the
surface region or the bulk material."*>*** These defects are
predominantly deep-level defects, which induce severe non-
radiative recombination of charge -carriers, significantly
degrading the photovoltaic performance of the device.
Furthermore, residual strains (typically categorized as
compressive or tensile) are commonly present in perovskite
films. The strains originate from multiple factors, including the
coefficient of thermal expansion (CTE) mismatch between

View Article Online
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perovskite and charge transport materials, lattice mismatch
with substrates, temperature gradients, light/bias stimulation,
phase transitions, and grain boundaries (Fig. 5a).'°>'* Strain in
perovskite films significantly influences the band structure,
carrier mobility, bandgap, ion migration, and defect formation
energy. Studies indicate that tensile strain increases the
bandgap, whereas compressive strain reduces it.'"** Adjusting
cation stacking patterns can enhance carrier mobility and
mitigate microstrain.’®'® Additionally, compressive strain
increases the activation energy for ion migration, while tensile
strain lowers it, potentially exacerbating non-radiative recom-
bination and degrading the stability of PSCs.**” To address these
issues, interfacial molecular engineering is crucial for trap
passivation and strain release. Chen et al. employed ada-
mantane derivatives (2-adamantanone (AD) and 1-adamantane
carboxylic acid (ADCA)), and 1-adamantaneacetic acid (ADAA) to
modify the SnO,/perovskite interface. These molecules effec-
tively passivated defects, relieved interfacial strain, and
improved device performance. The steric hindrance of the C=0
interaction with perovskite and SnO,—determined by the
distance between the carbonyl group and the adamantane
ring—decreased sequentially from AD to ADCA to ADAA. This
steric-hindrance-dependent strategy revealed that stronger
interfacial chemical interactions correlate with enhanced defect

passivation, strain relaxation, and device performance.'®

Compressive/tensile strain

00'00,0‘.06;000
0

Coolin
g e ot

QOO X KOO
O R R R R SR R R S )

D R R R R R R SRR

Lattice mismatch

Mechanical deformation

Microstrain
RO - S
Atomic size misfit and lattice defects

EBH DRGB! 08000880
HHHH — BHHE
Phase transitions (often octahedral rotation)
sesssese il avsesaan,
DHEE = BHHH

nght and blas stlmulatlon

b PTAA DCB-BPA Perovskite HTL__Perovskite Cc

-2.11e¢V

-2.54 ¢V

. 391ev

Y o

=
== Traps

-5.11eV__-5.56¢V__-5.68¢V

Fig. 5

LN

(i) SAM deposition

A
A» ‘.. .’
>4 7
0000000000

AARARARANA]
___m

AARARAREAAI i
|

[RARERA

(il) ethanol rinse (iii) DMF rinse

(a) Origins of strain in halide perovskites. Representations of compressive/tensile strain (left) and microstrain (right) mechanisms are

illustrated. Blue and purple spheres denote A-site cations (e.g., Cs*, MA*, and FA*); black and green spheres represent metal cations (e.g., Pp2*

and Sn?*) and halide anions (e.g., Cl™, Br™

,and |7), respectively. Orange spheres indicate substrate atoms. The red dashed circle is a vacancy, and

the yellow sphere represents the extrinsic dopant that causes a defect.*®? Copyright 2021, Springer Nature. (b) Energy level diagram between
different HTLs and the perovskite.*> Copyright 2024, Royal Society of Chemistry. (c) Schematic of SAM adsorption and desorption on hydroxyl-
functionalized ITO, with sequential solvent rinsing (ethanol followed by DMF). The dotted line represents a weak hydrogen bond.*¢ Copyright

2024, The American Association for the Advancement of Science.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2025, 16, 18559-18598 | 18567


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05266a

Open Access Article. Published on 08 September 2025. Downloaded on 4/7/2026 2:47:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Conventional hole transport materials (HTMs) such as poly
[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), nickel oxide
(NiO,), and poly(3,4-ethylenedioxythiophene):polystyrene sulfo-
nate (PEDOT:PSS) often suffer from significant Vo loss, limiting
the performance of WBG PSCs and their application in
PeTSCs.'**** Consequently, self-assembled monolayers (SAMs)
particularly [2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz)
and its derivatives have emerged as promising alternative HTMs,
which improve charge extraction and reduce Voc loss, thereby
enhancing the PCE of PSCs due to several advantages: (1) ultra-
thin nature reduces series resistance;''>'** (2) ordered molecular
alignment generates interfacial dipole moments that enhance
hole extraction;'**'**** (3) they minimize interfacial recombina-
tion losses;*'* and (4) they simultaneously passivate bottom
interface defects and promote high-quality perovskite crystal
growth. These merits, combined with their facile synthesis,
tunable energy levels, and compatibility with large-area fabrica-
tion, make SAMs particularly attractive for both single-junction
and tandem PSCs, with growing applications in OSCs as well.
Among them, Hayase et al. modified PTAA with 4,3BuPACz to
form the PTAA/SAM bilayer, and the results demonstrated that
this measure improved the film quality of WBG perovskite. This
approach mitigates film distortion (reducing lattice disorder) and
charge recombination site density. The modified PTAA layer
further enhances charge carrier collection. The PCE of WBG PSCs
reaches 16.57%.""* In addition to the SAM modifying strategy,
Zhao et al. designed a novel SAM (4-(5,9-dibromo-7H-dibenzo[c,g]
carbazol-7-yl)butyl) phosphonic acid (DCB-BPA) to replace PTAA.
Compared with PTAA, DCB-BPA reduces the non-radiative reor-
ganization of the interface and the shift in the valence band
between perovskite and the HTL. It further improves the quality
of the bottom interface, which is beneficial to the subsequent
growth of WBG perovskite. The single-junction WBG PSCs obtain
a Voc up to 1.339 V and certified PCE of 18.88%, and exhibit a low
Voc loss of 431 mV with respect to the bandgap (Fig. 5b)."**

Although SAMs demonstrate good intrinsic light and
thermal stability, the performance of PSCs has shown incon-
sistent long-term stability compared to conventional HTMs.
This limitation primarily stems from the dependence of SAM
assembly on surface hydroxyl groups of transparent conducting
oxides (TCOs), where weak physical adsorption can lead to
desorption in polar solvents like DMF. Therefore, Han et al
developed an ALD strategy to enhance SAM anchoring stability.
They created robust binding sites for trimethoxysilane-based
SAMs, enabling strong tridentate attachment to the substrate.
This approach significantly improved device stability while
maintaining efficient charge transport (Fig. 5¢)."*®

2.2.3 Electrode interfaces. The electrode layer is a photog-
enerated carrier collection layer, which plays an important role in
the photovoltaic performance of PSCs. The energy level matching
at the interfaces affects the charge extraction efficiency of PSCs.
Electrons transfer from the conduction band minimum (CBM) of
perovskites to either the lowest unoccupied molecular orbital
(LUMO, for organic materials) or CBM (for inorganic materials) of
the ETL, prior to collection at the cathode."”"® Under optimal
interface conditions where minimal energy barriers exist at both
the ETL/perovskite and cathode/ETL interfaces, free electrons can
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be efficiently extracted from the perovskite layer into the ETL and
subsequently collected at the cathode. Therefore, electrode
materials in PSCs play an important role in determining device
efficiency and stability. Among them, noble metals are widely
employed as electrode materials due to their excellent electrical
conductivity and superior chemical stability."**"** However, the
utilization of noble metals is limited by their high costs and
susceptibility to degradation, especially corrosion caused by
iodine ions from the perovskite layer (Fig. 6a).””* Upon reaching
the counter electrode via the ETL, iodine ions oxidize to iodine,
corroding the metal electrode and permeating the perovskite
layer, which accelerates degradation.”” Meanwhile, metal ions
diffuse through the ETL into the perovskite layer, further accel-
erating the material degradation (Fig. 6b)."*® The electrode is
corroded and forms inert compounds, such as silver iodide. The
corrosion not only destroys the integrity of the electrodes but also
reduces the long-term stability of the device. The corrosion can
significantly hinder charge extraction through the charge trans-
port layer (CTL) while simultaneously inducing dipole formation
at the interface."**** Contact between the ETL and a high-work-
function metal induces charge transfer, resulting in upward
energy band bending and a Schottky barrier that obstructs elec-
tron extraction. It has been shown that adding a buffer layer
between the CTL and electrode can effectively solve such prob-
lems. The selection of materials mainly depends on the inherent
water-repellence, density, and chemical stability of these
boundary materials. For example, researchers developed
a rational design by substituting the expensive 2,2/,7,7'-tetra-
kis(N,N-p-dimethoxyphenylamino)-9,9'-spirobifluorene  (spiro-
OMeTAD) with an inorganic copper(i) thiocyanate/reduced gra-
phene oxide (CuSCN/rGO) composite. The rGO layer acts as an
active buffer layer that effectively suppresses the interfacial ion
migration at the top interface. PSCs with a fluorine-doped tin
oxide (FTO)/TiO,/CSFAMAPDI; ,Br,/CuSCN-rGO/Au structure
were fabricated. The synergistic CuSCN/rGO hybrid system ach-
ieved comparable PCE to conventional spiro-OMeTAD-based
devices, while offering superior cost-effectiveness and enhanced
charge extraction, establishing a promising pathway for high-
performance, perovskite  photovoltaics.””® rGO
demonstrates significant advantages in interfacial charge extrac-
tion and device passivation; its surface chemistry presents a crit-
ical trade-off: the oxygenated moieties facilitate hole extraction
through dipole-induced band alignment yet simultaneously
induce charge localization via electrostatic interactions. This
intrinsic conflict between hole selectivity and interfacial charge
transport kinetics fundamentally limits the simultaneous opti-
mization of extraction efficiency and charge transfer to the
substrate. In addition, bathocuproine (BCP) serves as a widely
utilized buffer layer in PSCs, primarily attributed to its deep
valence band maximum (VBM) that energetically impedes hole
transport, thereby effectively suppressing carrier recombination
at the interface.”'® It acts as a barrier layer, preventing the
diffusion of harmful species into the perovskite absorber and
inhibiting the egress of degradation products." However, due to
the rapid crystallization of BCP, it tends to accumulate and form
small regions on the PCBM surface, resulting in poor coverage
and pinholes (Fig. 6¢). Despite the paucity of BCP alternative

low-cost
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Device structure and schematic of the BCP layer with TTTS.*?®> Copyright 2022, Royal Society of Chemistry. (c) A schematic of the different
passivation effects by BCP.*?” Copyright 2018, John Wiley and Sons. (d) Interactions between Cgg and BCP, BCP-m1, and BCP-m2 are depicted in
panels.**® Copyright 2025, John Wiley and Sons. (e) Device structure of the inverted PSCs (left). Typical J-V curves of pristine, SP&BCP and
SP&ALD-SnO, devices (right).** Copyright 2024, Elsevier. (f) Schematic showing the perovskite surface with passivation ligands exposed to
trimethyl aluminum (TMA) and water during Al,O3z deposition.*** Copyright 2025, Elsevier.

development, the functional group modification strategy offers
a viable pathway to enhance both structural ordering and elec-
tronic performance in PSCs. Seo et al. repositioned the existing
distorted phenyl group on BCP to a more optimal location, pro-
tecting the pyridine's nitrogen and creating a more flat backbone
configuration (Fig. 6d).”*°

Besides, some researchers use ALD technology to prepare
uniform and dense films such as TiO,, Al,O0; and SnO, at low
temperatures.”***** For instance, Qiu et al. demonstrated that
the incorporation of compact SnO, effectively suppresses vola-
tile species escape from perovskite, mitigates moisture infil-
tration, and inhibits ion migration. Owing to its dense
morphological structure and uniform surface coverage, SnO,
serves as an efficient permeation barrier in PSCs, significantly
enhancing the operational stability of photovoltaic devices.
Thus, devices with a structure of ITO/Me-4PACz/Al,05/Csg.o5-
MA, 1FA g5Pbl, oBr ;/PEABI/PMMA/PCBM/Cqo/ALD-SNO,/Ag
showed excellent stability. The device achieves a champion PCE
of 25.70% (certified 24.23%), along with a high V¢ of 1.202 V
and FF of 86.41% (Fig. 6e)."** However, research studies indicate
that inadequate nucleation of metal oxides in ALD processes
may stem from insufficient reactive sites available for ALD
initiation, leading to instability in surface-modified ligands.
Chen et al. attached the hydroxyl group in 5-ammonium

© 2025 The Author(s). Published by the Royal Society of Chemistry

pentanoate iodide (5-AVAI) to the perovskite surface, providing
anchor sites for subsequent Al,O; deposition. The stability of
the modified devices is substantially improved. The encapsu-
lated WBG PSCs can maintain 90% of their initial PCE over 1000
hours of thermal aging at 55 °C under 1-sun illumination
(Fig. 6f).*** It should be noted that the decomposition of
perovskite materials can be triggered when the ALD deposition
temperature surpasses 60 °C, as lower temperatures are critical
for maintaining structural integrity during encapsulation
processes. As discussed, the formation of a uniform and
continuous electrode buffer layer exerts an indispensable
influence on enhancing the stability of PSCs, providing an
effective solution to one of the most critical stability challenges
in perovskite photovoltaics.

3. Design of stable NBG perovskite or
organic rear subcells
3.1 NBG perovskite subcells

3.1.1 Materials. Compared to other TSCs, all-perovskite
TSCs offer the unique advantage of combining two perovskite
subcells with tunable bandgaps (1.65-1.70 eV and 1.80-1.85 €V,
ideal for top-cell integration) while utilizing cost-effective
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precursor materials. The high spectral tunability, coupled
with significant PCE improvements in single-junction devices,
makes them a promising candidate for high-performance
tandem devices.”®®*"” The perovskite rear cell with an NBG
typically exhibits an energy gap of approximately 1.24 eV, rep-
resenting the narrowest bandgap that has been achieved to date
in high-efficiency metal halide perovskite photovoltaics.'**
These materials demonstrate an extended spectral absorption
range, facilitating superior photon harvesting capabilities, thus
improving the PCE. The most widely studied NBG perovskite
materials are Sn-based or Sn-Pb mixed perovskites. While Sn-
based perovskites exhibit advantages such as low toxicity and an
ideal bandgap, the high chemical reactivity leads to rapid,
poorly controlled crystallization, which affects the performance
and stability of devices. Sn>" oxidation persists even in oxygen-
deficient environments.'****® In contrast, Sn-Pb hybrid perov-
skites demonstrate superior photovoltaic performance and
stability, with singlejunction PCE reaching up to 23%
(Fig. 7a)."*® Sn-Pb perovskites are particularly suitable for all-
perovskite TSCs, enabled by the bandgap bowing effect, which
ensures optimal alignment with WBG PSCs. The above-
mentioned effect arises from variations in energy levels and
lattice strain-Sn incorporation induces compressive strain and
octahedral distortion, modifying the bandgap. However, the
underlying mechanism remains debated; for instance,
MASN, 75Pbg 5515 exhibits an E; of 1.17 eV, whereas MASn »5-
Pby 5513 shows 1.23 eV (Fig. 7b)."** The stability of such perov-
skites can be preliminarily evaluated using the Goldschmidt
tolerance factor (¢), which is defined as follows:
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ra +7rx

V2 x (rg +1x)

where r,, g, and rx represent the ionic radii of the A-site cation,
the B-site metal cation, and the X-site halogen anion, respec-
tively. A value of ¢t = 1 corresponds to an ideal cubic perovskite
structure, with the stable range empirically established between
0.825 and 1.059. Due to the smaller ionic radius of Sn**
compared to Pb*', Sn-Pb perovskites exhibit ¢ values
approaching unity, with stability further enhanced at higher Sn-
doping ratios. Nevertheless, Pb incorporation remains crucial to
stabilize Sn** against oxidation.'*> Despite these structural
advantages, Sn-Pb perovskites face significant challenges
including Sn>" oxidation, non-uniform nucleation, and rapid
crystallization. Current research focuses on synergistic strate-
gies combining oxidation suppression'*® and defect passiv-
ation'** to improve the performance of devices.

3.1.2 Suppression of Sn oxidation. The oxidation of Sn** is
generally attributed to a composite factor involving its intrinsic
electronic properties, perovskite lattice defects, and external
environment. Electronically, the high-lying highest occupied
molecular orbital (HOMO) of Sn** facilitates electron loss.
Structurally, defects such as Sn*" and iodine vacancies not only
act as trapping centers for free electrons, promoting the
generation of charge carriers, but also lead to p-type self-doping
and lattice instability. Furthermore, external factors including
oxygen, moisture, and common solvents accelerate the oxida-
tion rate of Sn**.'** The environmental stability of Sn-Pb
perovskites against oxygen and moisture is paramount for their
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(a) Literature summary of PCE of NBG devices fabricated on different HTLs over the last 4 years.**® Copyright 2025, American Chemical

Society. (b) Dependence of resistivity and optical bandgap of CHzNH3Sn;_,Pb,ls on the x fraction is summarized.*** Copyright 2014, American
Chemical Society. (c) X-ray photoelectron spectroscopy reveals two new observations post-thermal annealing that accompany previously
reported Sn** evolution: (i) the formation of I3~ intermediates preceding I, loss at the surface and (ii) evidence of under-coordinated tin and lead
surface sites (Sn®*2*and Pb®<?*, respectively) under inert and ambient conditions.®” Copyright 2020, American Chemical Society. (d) Bandgap
and tolerance factor values of Pb—Sn—-B inorganic perovskites.**® Copyright 2024, John Wiley and Sons. (e) Energy level schematic diagrams for
DMSO- and DMPU-treated perovskite films.**® Copyright 2023, John Wiley and Sons.
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implementation in all-perovskite TSCs. The primary degrada-
tion pathway involves the facile oxidation of Sn** to Sn**,
attributable to the low standard reduction potential (+0.15 V) of
the Sn**/Sn®" couple relative to Pb*'/Pb>" (+1.67 V). This
oxidation tendency arises from the absence of lanthanide
contraction in Sn, which lacks 4f electrons to effectively shield
the 5s/5p valence electrons, resulting in poor outer-shell elec-
tron stabilization and consequent vacancy formation.*¢

The most straightforward approach for enhancing the
stability of Sn-Pb perovskite devices is through advanced
encapsulation. However, conventional packaging methods
remain insufficient due to surface-adsorbed oxygen species that
trigger Sn oxidation (Fig. 7¢).'*” Since complete suppression of
oxidation is wunattainable, researchers have focused on
improving intrinsic oxidation resistance while developing
optimized encapsulation techniques. Therefore, additive engi-
neering and surface modification have been widely employed to
suppress degradation in Sn-Pb perovskites. B-site co-doping
effectively tailors band structures and stabilizes perovskite
phases. For instance, Zhang et al. developed ternary Pb-Sn-B (B
= Ge, Zn, Mn, Ba) inorganic perovskite thin films, with Pb-Sn-
Mn exhibiting superior performance, achieving a PCE of
14.34%. Further efficiency enhancement to 17.12% was realized
through benzohydroxamic acid (BHA) additive engineering
(Fig. 7d).**® However, achieving uniform B-site dopant distri-
bution remains challenging, often resulting in localized
compositional variations that degrade material performance.
Thus, optimizing compositional homogeneity could provide an
additional pathway to suppress Sn oxidation in Sn-Pb perov-
skites. Sn-Pb mixed perovskite films typically exhibit composi-
tionally graded profiles with Sn-enriched surfaces, which
promote oxidation and accelerate charge recombination. Wang
et al. demonstrated that diamine additives selectively chelate
Sn-atoms, effectively redistributing them from the surface to
achieve a more balanced Sn:Pb ratio and enhance oxidation
resistance. By incorporating 1,2-diaminopropane, they further
improved the spatial homogeneity of the passivation layer,
yielding a champion PCE of 23.9%.'*’

Current additive engineering approaches fail to fully elimi-
nate trap states in Sn—-Pb perovskites, underscoring the need for
more robust oxidation suppression strategies. Conventional
solvents like DMF and DMSO exhibit oxidizing properties that
promote Sn>" oxidation, while the inherently low solvation
capacity of tin halides demands alternative solvents. N,N'-di-
methylpropylurea (DMPU) has emerged as a promising candi-
date due to its high polarity and low oxidation potential,
significantly reducing Sn*" content. The DMPU treatment leads
to an upward shift in the Fermi level and CBM, which improve
the n-type character of the perovskite film. This enhancement of
the built-in electric field promotes charge separation and
extraction. Additionally, the increased n-type character and
reduction of defect states (such as Sn*" vacancies) suppress
trap-assisted non-radiative recombination and prolong carrier
lifetime. These changes facilitate more efficient charge separa-
tion, transport, and collection, ultimately leading to significant
enhancements in Vog, FF, and overall device efficiency
(Fig. 7€).*®5' The oxidation mechanisms of Sn>* remain

© 2025 The Author(s). Published by the Royal Society of Chemistry
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incompletely understood, with evidence suggesting dual path-
ways: a direct oxygen reaction and iodine-deficiency-mediated
oxidation, where I, generation accelerates Sn>" oxidation under
illumination, irreversibly degrading the performance of
devices.*****> Ge et al. demonstrated that succinic acid (AA)
enhances Sn** stability by increasing local electron density
while forming hydrogen-bond networks with iodide ions, sup-
pressing halide migration and achieving a 28.6% PCE in all-
perovskite TSCs."® While reducing agents effectively inhibit
Sn>* oxidation and passivate defects, research has predomi-
nantly focused on their reducing capacity rather than the role of
oxidation byproducts. This is a critical knowledge gap requiring
further investigation.

In conclusion, the facile oxidation of Sn®" represents
a fundamental challenge for Sn-Pb perovskite applications,
which involve complex interactions among environmental,
chemical, and structural factors. Critical factors encompass
intrinsic defects, compositional engineering, and interfacial
concentration gradients. Developing effective modification
strategies requires a deeper mechanistic understanding of these
oxidation processes.

3.1.3 Defect passivation. Despite significant research
efforts to enhance the PCE of Sn-Pb PSCs, their performance
remains substantially inferior to that of Pb-based perovskite
devices, which currently hold a certified efficiency record of
27.3%.'° This discrepancy is primarily related to the structure of
Sn** and severe oxidation, which can lead to a high density of
defect states in both the bulk and surface of perovskite crystals
during preparation and application (Fig. 8a).**'** To improve
the performance, a deeper understanding of defect formation
mechanisms in Sn-Pb perovskites is essential. Notably, Sn-Pb
perovskites exhibit distinct crystallization kinetics compared to
Pb-based analogs, which result in heterogeneous compositional
distribution. The rapid crystallization induced by Sn-precursors
promotes defect formation, including pinholes, cracks, and
impurities, which degrade the quality of film and performance.
These challenges have impeded the development of efficient all-
perovskite TSCs, highlighting the need for crystallization-rate
modulation strategies to achieve high-quality Sn—-Pb perovskite
films. Fang et al employed functional N-(carboxyphenyl)
guanidine hydrochloride molecules to modulate crystallization
kinetics and grain growth in Sn-Pb perovskites. The additive
also acts as an oxidative stabilization agent, effectively sup-
pressing Sn>* oxidation through coordination-mediated elec-
tron shielding, thereby enhancing environmental stability. As
a result, the certified PCE of all-perovskite tandem solar cells
reached 27.35%, with single-junction Sn-Pb devices achieving
23.11%.*** Similarly, low-dimensional Sn-based perovskite
exhibits enhanced oxidation resistance and can serve as an
effective antioxidant additive in Sn-Pb perovskite. For instance,
SnF, improves Sn-Pb perovskite quality through multiple
mechanisms: (1) alleviating lattice distortion,****** (2) reducing
Sn®* oxidation-induced defect density,"” and (3) precisely
modulating crystallization kinetics to enable highly oriented
growth with superior crystallinity.**® However, a major disad-
vantage of SnF, is interfacial F~ accumulation, which can
impede charge transport and necessitates the exploration of
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W BDA-EDAI,

(@) Schematic of FSA-enabled antioxidation and defect passivation at grain surfaces (film surface and grain boundaries) in Sn—Pb

perovskite films. A-site represents the monovalent cation in the perovskites.*® Copyright 2020, Springer Nature. (b) Schematic diagram of the
possible evolution of nucleation or crystallization during the film formation of perovskite with or without SnC,04 treatment.**® Copyright 2024,
John Wiley and Sons. (c) Schematic illustration of defect passivation of Sn—Pb perovskite by GUA and HAI .15 Copyright 2022, American Chemical
Society. (d) Voltage loss mechanism for the control and BDA-EDAI, modified devices.**” Copyright 2024, Springer Nature. (e) Schematic energy

level of the PSC.*¢® Copyright 2020, John Wiley and Sons.

alternative additives. Other Sn halides and Lewis based addi-
tives indicate similar benefits in modulated crystallization and
defect passivation. Notably, Sn(u) oxalate (SnC,0,) effectively
coordinates unbound Sn®>" and Pb*’, delaying crystallization
and reducing Sn vacancy defects. In contrast to SnF,, the oxalate
anion (C,04>") provides effective defect passivation and oxida-
tion suppression without causing charge transport limitations,
as it avoids the issue of anion segregation.'>

In addition to additive approaches, solvent engineering
offers an effective strategy to regulate the nucleation and growth
kinetics of Sn-Pb perovskite crystals. A critical distinction lies in
the crystallization barriers: Sn-based perovskites are predomi-
nantly limited by the high desorption energy barrier of DMSO
molecules, whereas Pb-based perovskites exhibit significantly
lower DMSO desorption energy during crystallization.

By precisely controlling the DMSO-to-metal cation (Pb>" and
Sn**) molar ratio during solution processing, the crystallization
kinetics can be finely tuned, enabling synchronous crystalliza-
tion and reduced defect density in Sn-Pb perovskite films.
However, DMSO presents inherent limitations—it may induce
partial oxidation of perovskite films and offers insufficient
suppression of crystallization kinetics. Consequently, the
exploration of alternative solvents remains imperative for opti-
mizing Sn-Pb perovskite fabrication.

The performance of perovskite-based devices is strongly
influenced by both bulk and surface defects. In Sn-Pb perov-
skites, surface defect formation is primarily induced by A-site
cation depletion, Sn-1 bond fracture, and Sn®>* oxidation.
Effective surface passivation strategies must simultaneously
coordinate with surface Sn-ions and suppress Sn** oxida-
tion.*>'® Chen et al. introduced 4-bromophenylurea (BPU) or 4-
bromophenylthiourea (BPSU) into the Sn-Pb perovskite
precursor solution, which interacts with precursor components
to form clusters, accelerating nucleation while delaying crystal

18572 | Chem. Sci., 2025, 16, 18559-18598

growth, thereby improving surface crystallinity. This approach
yielded a certified efficiency of 27.17% for all-perovskite TSCs
and 23.87% for Sn-Pb perovskite single-junction devices.'*
Furthermore, Lewis bases can effectively passivate perovskite
surface defects through the functional groups. For instance, the
hydroxyl group in eco-friendly glucose (Gl) interacts with
perovskite surfaces, which can suppress defect states. Similarly,
carbonyl groups (C=0) coordinate with Sn>*/Pb**, promoting
vertically oriented 2D perovskite structures that inhibit Sn**
oxidation through structural confinement effects.””'*> Small
molecules containing multiple Lewis-basic functional groups,
such as cyanoacetyl hydrazine (CAH) with its carbonyl (C=0),
amine (NH,), and cyano (C=N) groups, form strong chemical
bonds with Sn**. This interaction reduces defects and enhances
charge transport. These passivation mechanisms are enabled by
localized lone-pair electrons on nitrogen, oxygen, or phos-
phorus atoms, which effectively coordinate undercoordinated
Sn®" and Pb*" cations. Such passivation strategies successfully
mitigate Sn migration and vacancy formation, which are known
to cause deep-level defect recombination. Optimized 2D/3D Sn-
based PSCs utilizing this approach have demonstrated a PCE of
15.06%.'%

The above-mentioned defects can significantly affect the
optoelectronic performance and stability of the devices. Surface
passivation strategies effectively mitigate the defects, which can
enhance both device performance and long-term stability. Lee
et al. treated the upper surface of the Sn-Pb perovskite film with
ethylenediamine (EDA), and EDA could coordinate with Sn**
and Pb**. The interaction between neutral EDA and Sn-Pb
perovskite surfaces may influence both coordination stability
and the passivation of surface defects. Finally, the EDA modi-
fication yielded device efficiencies of over 23% for single-
junction PSCs."** Brabec et al. found that hydrazine iodide (HAI)
acts as a post-treatment on the perovskite surface, and -

© 2025 The Author(s). Published by the Royal Society of Chemistry
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guanidinium propionic acid (GUA) was added to perovskite as
an additive to achieve double passivation and significant
reduction of Sn** compounds on the surface. The PCE of
modified Sn-Pb PSCs reaches 20.5% (Fig. 8c).'** Surface
reconstruction can be achieved by introducing structural
analogs of perovskite components. Li et al. demonstrated this
approach through post-treatment with 1-(4-fluorophenyl)piper-
azine (1-4FP), where amine groups formed hydrogen bonds
between adjacent perovskite grains, resulting in high-quality
films. This strategy enabled Sn-Pb all-inorganic perovskite
devices to reach a record efficiency of 17.19% for a bandgap
below 1.4 eV.**

Considering the multifaceted origins of defects in Sn-Pb
perovskite, relying on a single modification strategy is insuffi-
cient for complete defect suppression. Chen et al. demonstrated
a dual-passivation approach using 1,4-butanediamine (BDA)
and ethylenediamine diiodide (EDAI,), where BDA passivates
Sn**-related defects while EDAI, mitigates organic cation and
iodide vacancy defects. This strategy yielded high-performance
devices with PCEs of 22.65% (E; = 1.25 eV) and 23.32% (E; =
1.32 eV), and enabled all-perovskite TSCs with a certified effi-
ciency of 28.49% (Voc = 2.12 V; FF = 83.88%) (Fig. 8d).'
Besides single-interface passivation, cooperative strategies
across multiple interfaces further enhance defect suppression.
Yan et al. introduced piperazine-1,4-diium tetrafluoroborate
(PDT) at the bottom interface to improve energy-level alignment
with the HTL, while 2D Ti;C,T, MXene top passivation further
optimized the performance of the device, achieving a PCE of
20.45% (Fig. 8e).'*® While polycrystalline perovskite defects
predominantly accumulate at grain boundaries, single-crystal
perovskite thin films present an alternative research avenue.
Although current approaches can modulate crystallization
processes and improve film quality, the fundamental mecha-
nisms underlying Sn-Pb perovskite film formation remain
incompletely understood. Further investigation of these mech-
anisms could provide valuable insights for developing novel
materials to achieve high-quality perovskite films.

3.2 NBG organic subcells

3.2.1 Materials and morphology. The PCE of OSCs
remained stagnant until the advent of NFAs. In particular, the
development of the Y-series improves the PCE of OSCs to 20%
(Fig. 9a). NFAs are fundamentally characterized by extended -
conjugated architectures and pronounced intramolecular
charge-transfer effects, which enhance the absorption capacity
in the visible and near-infrared regions. This research further
enhances the viability of OSCs for implementation in tandem
device structures.’*>'”® NFAs typically constructed through
strategic integration of electron-donating (D) and electron-
withdrawing (A) molecular components, demonstrate superior
photovoltaic characteristics. Among them, the A-DA'D-A type 1
acceptors composed of D and A units become the focus of
extensive investigation in organic photovoltaics research. The
A-DA'D-A acceptor features a highly symmetric and planar rigid
fused-ring core (DA'D), which is linked to strong electron-
withdrawing end groups via w-conjugation, forming an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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extended conjugated framework.””* This planar and rigid
structure facilitates dense and ordered molecular packing,
which promotes electron transport and enhances charge carrier
mobility in the film."? Furthermore, the energy levels of the
HOMO and the lowest unoccupied molecular orbital (LUMO)
can be systematically tuned by modifying the chemical struc-
tures of the central core D unit and A unit. This enables optimal
alignment with the perovskite band energy, which reduces
voltage losses and improves the open-circuit voltage.'” In
addition, diverging from the constrained 3D m-conjugation of
fullerenes, NFAs provide unprecedented molecular design
flexibility. By engineering m-conjugated skeletons, electron-
withdrawing terminals, and solubilizing alkyl chains, key
parameters including optical bandgaps, energy levels, and
solution processability can be precisely tuned to enhance
photovoltaic performance. Strategic molecular engineering
approaches including (i) aromatic fused-ring expansion to
extend conjugation systems, (ii) enhanced m-7 stacking inter-
actions in central donor cores, (iii) 7-bridging between donor-
acceptor segments, and (iv) establishment of quinone reso-
nance structures can be used to broaden absorption band-
widths, intensifyphoton harvesting efficiency, and facilitate 3D
charge transport networks, ultimately leading to significant
bandgap reduction through synergistic electronic structure
modulation. Li et al. extended the conjugation of the small-
molecule acceptor Y6 by inserting double bonds between its
central core and end groups, thereby red-shifting its absorption
to 1050 nm and reducing its bandgap from 1.33 eV to 1.21 eV
(Fig. 9b)."”* However, device efficiency decreases with a narrow-
ing bandgap.

Conventional morphological regulation strategies aimed at
enhancing crystalline ordering in NFAs often paradoxically
induce intermolecular excitonic quenching in OSCs, resulting
in diminished photoluminescence quantum yield (PLQY) and
elevated non-radiative recombination losses due to intensified
trap-assisted charge carrier annihilation mechanisms. Sun et al.
precisely regulated the crystallinity and PLQY of non-fullerene
acceptor L8-BO through asymmetric alkyl chain positioning on
the thiophene unit, and obtained L8-BO-C4. By introducing the
ternary component L8-BO-C4-Br, the device optimization is
further realized, and the certified PCE is proved to be 20.1%
(Fig. 9¢).'”® Side-chain engineering has emerged as an effective
strategy for tuning intermolecular packing without compro-
mising the backbone's optoelectronic properties, potentially
enabling reduced energy loss. Notably, C-architectured NFAs
incorporating uncondensed A-units demonstrate comparable
optoelectronic merits to benchmark Y6 derivatives, particularly
manifesting intense near-infrared photon harvesting (800-1000
nm range) and narrower optical bandgaps (1.25-1.35 eV). The
electron-withdrawing character of apical substituents in the
structures exerts a pronounced influence on critical photovol-
taic parameters, including exciton dissociation efficiency and
charge transport anisotropy.”’®” Li et al designed and
synthesized three small molecule acceptors (FF24-Cl, FM24-Cl,
and MM24-Cl) with difluorine, fluorine and methyl and
dimethyl groups as apical substituents, respectively. Due to the
ideal molecular packing and phase separation size of FM24-Cl,
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Cl/MM24-CL.*7® Copyright 2024, Royal Society of Chemistry. (e) Schematic illustration of the distinction status from solution to the thin film.*?

Copyright 2023, John Wiley and Sons.

the OSCs with PBQx-TCl as the donor and FM24-Cl as the
acceptor show the best exciton dissociation and charge trans-
port performance, thus achieving a PCE of 18.30% (Fig. 9d)."”
The electron-withdrawing character of the apical substituents in
NFAs critically influences photovoltaic properties.

Although NFAs exhibit highly ordered molecular packing,
their incorporation into blend films alters certain crystalline
characteristics. Mainly, the molecular packing in the blend film
may be affected by other components. For example, the
molecular packing of NFAs can be controlled through periph-
eral halogen engineering to optimize their performance.'”
Some research studies demonstrate that thermal annealing of
NFAs at varying temperatures induces distinct polycrystalline
states, significantly modifying their structural properties.
Furthermore, the morphology of bulk heterojunction (BH]J)
blend films determines the PCE of OSCs by affecting the exci-
tonic dissociation efficiency, charge carrier transport, and
material interface properties. The uncontrolled phase separa-
tion in BHJ active layers leads to unstable morphological
configurations, significantly degrading the optoelectronic
performance of the device. Thus, it is very important to precisely
control the morphology of the photoactive layer. An effective
approach employs additives to control the molecular packing
and aggregation morphology of donor and acceptor mate-
rials."™®>*** Among them, solid additives with high volatility and
easy removal characteristics can prevent excess additive resi-
dues and maintain the desired active layer state. Kan et al
employed 1,3,5-tribromobenzene (TBB), a solid additive base,
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which has the characteristics of high volatility and low cost,
combined with thermal annealing to adjust the vertical phase of
D18-Cl/L8-BO-based OSCs. A PCE of 18.5% is achieved by add-
ing OSCs to TBB (Fig. 9¢)."® Liu et al. developed 2-bromo-1,4-
dichlorobenzene (VCB), a phase-transformable additive that
transitions from liquid to highly volatile solid via chlorine atom
isomerization on a benzene core. The strategy enables precise
control over molecular aggregation during different stages of
film formation, facilitating ordered molecular packing and
optimized vertical composition distribution. As a result,
PM6:L8-BO-based OSCs achieved a PCE of 19.51%.'%* In addi-
tion to the chemical material structure of binary components,
non-radiative recombination and trap-assisted charge recom-
bination also limit the further improvement of the efficiency of
OSCs. In order to improve the performance of OSCs, the
modification method is used to reduce the non-radiative
recombination. Particularly effective is the incorporation of
a third component, which expands spectral absorption,
augments light absorption, betters crystallinity/phase separa-
tion and aligns energy levels, thereby boosting the photovoltaic
efficiency of OSCs. Kan et al. incorporated the wide-bandgap
polymer donor PTzBI-dF as a third component into the D18:Y6-
based binary device. PTzBI-dF induced a favorable crystal
structure that optimized the donor-acceptor network crystal-
linity and phase separation, ultimately achieving a PCE of
18.84%.'"** Although ternary OSCs can significantly enhance
PCE, challenges remain. The uncontrolled distribution of third
components in BHJ devices often reduces energy transfer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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efficiency and may disrupt the active layer morphology. Liu et al.
developed a local deposition strategy to fabricate bulk hetero-
junctions with controllable third component distribution
(CDBHJ). Compared to traditional BHJ devices, the CDBH]J
system demonstrates enhanced energy transfer efficiency from
46.5% to 66.8%, achieving an outstanding PCE of 18.29%.'%
Due to the high stability of fullerene acceptors in the polymer
donor phase, incorporating fullerene derivatives as a third
component in ternary active layers can reduce polymer aggre-
gation. The miscibility of fullerene and NFA suppresses exces-
sive NFA crystallization.® Facchetti et al. investigated two
fullerene derivatives, ET18 and PCBM, as the third component
in the PD:Y6 blend films. These fullerene derivatives can be
combined with NFA to significantly improve the material
morphology.'®”

Through the synergistic optimization of material design and
morphology regulation, PO-TSCs are expected to break through
the double bottleneck of efficiency and stability. It becomes the
core direction of the next generation of photovoltaic technology.
However, the coupled mechanisms between organic phase
separation and perovskite degradation under thermal/humidity
conditions remain insufficiently understood. Developing in situ
crosslinking strategies to suppress interfacial ion migration
represents a critical research direction.

3.2.2 Phase separation. Phase separation in OSCs denotes
the formation of compositionally distinct donor and acceptor
domains within the active layer through physical or chemical
interactions. As a critical morphological feature, it governs
device performance by determining charge generation, trans-
port, and collection efficiencies. On the one hand, the large
phase separation size leads to the recombination of excitons in
the diffusion process, which cannot be effectively separated,
and influences the continuous channel of electron transport,
ultimately reducing electron mobility and the FF.'**'° An
exciton may fail to reach the donor-acceptor (D/A) interface
within its limited diffusion length. On the other hand, too small
phase separation size is not conducive to the formation of an
interpenetrating network structure, impairing charge transport
and increasing exciton recombination due to insufficient
charge escape pathways (Fig. 10a).'®>**° Ideal phase separation
can make the donor and acceptor form a continuous inter-
penetrating network structure, maximizing exciton dissociation
at abundant interfaces while maintaining efficient charge
transport pathways.”* The morphological evolution of BH]
films is fundamentally governed by several key factors,
including the intrinsic properties of the material, the donor-
acceptor stoichiometry, and the post-deposition treatment
scheme, which all work together to regulate the phase separa-
tion kinetics in organic photovoltaic composites.

Recent studies reveal that molecular design strategies criti-
cally influence the film formation kinetics in OSCs, enabling
precise control over phase separation within the active layer.
Given that active layer morphology directly determines OSC
photovoltaic performance, this control is essential for device
optimization. Hou et al. designed a non-fullerene receptor HLG
by using hydrophobic 1,2,4, 5-tetrafluoro-3 - (2-ethylhexyl)
oxygen benzene as the side chain. The fluorinated substitutions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enhance the acceptor's surface energy, promoting favorable
phase separation in the active layer. The PB2:HLG:BTP-eC9-
based OSCs exhibit an impressive PCE of 19.5%." Current
high-efficiency OSCs based on A-DA'D-A-type SMAs are mainly
processed with toxic halogen solvents like chloroform or chlo-
robenzene. When non-halogen solvents are used to process the
active layer of OSCs, the small molecule acceptors exhibit
excessive aggregation during film formation, leading to unfa-
vorable large-scale phase separation. Therefore, developing
effective strategies to suppress molecular aggregation and
achieve optimal phase-separated domains in non-halogen
solvent systems remains a critical challenge. Li et al. synthe-
sized two isomeric giant molecule acceptors (GMAs, EV-i, and
EV-o0) with an extended longer alkyl side chain (ECOD), where
the m-spacer was strategically attached to either the inner (EV-i)
or outer (EV-o0) carbon of the phenyl end group to enhance non-
halogenated solvent processability. When processed with o-
xylene, the PM6:EV-0 blend exhibited severe phase separation
due to excessive acceptor aggregation, resulting in poor photo-
voltaic performance (PCE = 2.5%). In contrast, the PM6:EV-i
system formed optimal nanoscale phase-separated domains,
effectively suppressing charge recombination and achieving
a remarkable PCE of 18.27%."

The photogenerated excitons in organic photovoltaic
systems undergo directional migration toward donor-acceptor
(D-A) heterojunctions prior to charge separation. Due to the
intrinsic exciton diffusion length limitation (<10 nm), efficient
free carrier generation requires nanoscale phase separation
with characteristic dimension sizes below ~20 nm (twice the
exciton diffusion length) to ensure complete exciton harvest-
ing."*'* The phase separation size in the active layer exhibits
dependence on the D/A ratio within the constituent materials,
making compositional tuning a direct and effective strategy for
morphology control. Sun et al. achieved the highest PCE of
16.1% for a PBT1-C-2Cl:Y6-based binary device by controlling
the D/A ratio. Increasing the donor content enhanced Y6
aggregation and -7 stacking while enabling precise control of
the phase-separation scale (Fig. 10b).**® Increasing the acceptor
proportion enhances exciton generation. However, the gener-
ated excitons are not necessarily all effective excitons. Typically,
excitons do not play a role until they dissociate into free carriers.
If the presence of excess excitons at the D-A interface hinders
the exciton diffusion and dissociation process, such problems
can be solved by increasing the D-A interface area.”®>'” In
recent OSC research, precise modulation of the D/A ratio has
emerged as a fundamental and widely adopted methodology for
engineering the phase-separated morphology within the active
layer, thereby optimizing the photovoltaic performance of these
devices.

Precisely controlling the ideal bicontinuous donor is
extremely challenging because the process of BHJ film forma-
tion is closely related to various preparation conditions. The
dynamic nature of active-layer film formation often leads to
undesirable phase separation during thermal annealing. For
NFAs, aggregation behavior exhibits strong temperature
dependence: excessively low annealing temperatures hinder the
formation of well-ordered interpenetrating networks, while
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of Chemistry.

prolonged or high-temperature annealing induces excessive
phase separation. Traditional thermal annealing relies on
bottom-up conductive heating, which indirectly affects the
active layer and limits precise morphological control. In
contrast, direct thermal conduction to the active layer could
enable finer morphological tuning. Therefore, developing novel
annealing methods is critical for advancing OSC performance.
Zhang et al. designed an innovative annealing method for
preparing films called reverse thermal annealing (RTA), mainly
by inverting the active layer on the annealing table. This
annealing method can retard the evaporation of residual
solvent while optimizing phase separation and vertical
component distribution within the active layer. The enhanced
morphology significantly reduces non-radiative recombination
losses, enabling the PM6:L8-BO-X devices to achieve an effi-
ciency improvement from 18.98% to 19.91% (Fig. 10c)."*®

BH] films frequently demonstrate vertical phase separation,
which critically controls charge transport and nonradiative
composite losses in OSCs. The active layer formation represents
a dynamic non-equilibrium process involving competing
mechanisms, necessitating fundamental investigations into
crystallization kinetics and interfacial evolution pathways.
While state-of-the-art fabrication methods primarily utilized
thermal evaporation, aerosol deposition, and solution-treated
film transfer strategies, significant limitations remain in
achieving optimal D-A organization. The primary limitation lies
in precisely controlling the delicate balance between acceptor

18576 | Chem. Sci, 2025, 16, 18559-18598

self-aggregation and material compatibility, which ultimately
determines device efficiency and operational stability.

3.2.3 Energy loss. The PCE of OSCs is fundamentally
limited by energy loss (Ejoss), which mainly manifests as ther-
modynamic loss (AE,), radiation compound loss (AE,) and
non-radiation compound loss (AE;) (Fig. 10d).*?°* These
losses will directly affect the Vo and PCE of the device. A critical
approach involves optimizing the energy level alignment
between the HOMO of the donor and LUMO of the acceptor, as
this interfacial energetics governs charge extraction efficiency.
Consequently, precise energy level matching represents a key
parameter for minimizing Ej.ss and enhancing device perfor-
mance.*” Despite significant progress in developing A-D-A-type
NFAs, most of the polymer donors have problems such as
energy level mismatch and different material quality, which
hinder the further improvement of OSC device performance.
For example, Sun et al. designed an A-DA'D-A type acceptor,
PEH-F. The energy level of a donor (PTQ11) aligns with that of
the PEH-F acceptor, while the PTQ11:PEH-F-based OSCs attain
a minimal E,s of 0.511 eV and demonstrate effective exciton
separation. Finally, the PTQ11:PEH-F-based binary device ach-
ieves an excellent PCE of 19.73%. As mentioned above, the
majority of research focuses on developing new units to fine-
tune the energy levels of materials. While such advances
demonstrate the effectiveness of molecular design in energy-
level optimization, challenges persist in material reproduc-
ibility and morphological control during film formation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Consequently, developing direct strategies to precisely tune
polymer donor energy levels remains crucial for minimizing
Ejoss and advancing OSC performance.”®

Nonetheless, there are many uncertain factors in the
research of new materials, including poor reproducibility due to
morphological instability during film formation. Thus, devel-
oping straightforward strategies to precisely modulate polymer
donor energy levels represents a critical research direction for
minimizing Ej.ss in OSCs.***** Among them, the introduction of
electron-deficient units as the third component can optimize
energy level matching and reproducibility simultaneously.
Duan et al. designed a donor polymer (PBFBX) based on the
electron-deficient 5,6-difluorobenzo[c][1,2,5]oxadiazole (ffBX).
The energy level of donor PBFBX can be regulated by increasing
the content of ffBX, leading to reduced Ej.s. The PCE of the
PBFBX-20:Y6-BO-based device is 17.5%, and the repeatability of
the device is improved.**® The suppression of electron-phonon
coupling can be achieved by reducing the free volume ratio, and
concurrently strengthening lattice ordering, thereby di-
minishing non-radiative recombination losses. This strategy
was demonstrated in the molecular design of AQx-H, where the
incorporation of cyclohexane effectively inhibits excessive
molecular aggregation, widens spectral absorption, and opti-
mizes energy level alignment. The modifications enabled AQx-
H-based devices to attain a V¢ of 0.923 V and the best PCE of
19.5%, showcasing an effective approach for minimizing
Eloss'207

The interface electronic structure and Ej,sc mechanisms, as
critical physical properties of OSCs, are essential for under-
standing the operational principles of OSCs. This under-
standing serves as a cornerstone for formulating innovative
strategies to enhance their photovoltaic performance. Device
engineering including structural design, process optimization,
and interface modulation, represents a key approach for
advancing OSC technology.

A core focus of structural design lies in optimizing the active
layer thickness and interfacial treatment, which synergistically
enhance device performance by balancing charge generation,
transport, and extraction efficiencies. The active layer thickness
needs to balance the light absorption and carrier transmission
efficiency. An excessively thin active layer reduces photon
absorption efficiency and shortens charge carrier diffusion
lengths, leading to increased recombination losses. In addition
to the charge recombination problem, the too thick active layer
can also lead to an increase in the diffusion length of charge
carriers in the cell, reducing the generation of effective carriers,
and may also lead to poor contact between the transport layer
and the active layer (Fig. 10e).>*® To obtain the best battery
performance, the thickness of the active layer should be
controlled within an appropriate range. The performance-
thickness trade-off in OSCs originates from the conflicting
requirements of optical absorption (needing thick layers) and
charge collection (limited by short exciton diffusion lengths in
BHJs). And the low exciton diffusion length leads to severe
charge recombination of the device. Yang et al. demonstrated
that the solvent additive, 1,5-diiodocycloctane (DICO), can
effectively extend the exciton diffusion distance of BH]J films.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This enabled PM6:L8-BO-based OSCs to achieve thickness-
insensitive performance, maintaining a high PCE of 19.1%
even with a 110 nm active layer (Fig. 10f).>*® Beyond alterations
to the active layer, interfacial engineering enhances OSC
performance. Researchers have explored electrode interface
modifications by optimizing the surface energy levels of elec-
trodes, notably through techniques such as ultraviolet-ozone
treatment and SAMs. These interfacial adjustments effectively
improve charge transport properties by enhancing carrier
extraction efficiency at critical device interfaces.”'®*"* Device
engineering of OSCs is gradually breaking through the limita-
tion of efficiency and stability through multi-scale collaborative
optimization.

4. Present status of solution-
processed PeTSCs
4.1 Perovskite/perovskite TSCs

4.1.1 Optical design. All-perovskite TSCs represent
a promising route to surpass the S-Q limit of single-junction
PSCs, with a certified PCE reaching 30.1%. To overcome the
inherent S-Q limitation of single-junction devices, optimizing
the optical design by leveraging perovskites' tunable optoelec-
tronic properties is essential. This involves maximizing light
absorption, carrier transport, and interface characteristics to
enhance efficiency. Specifically, the optical design targets broad
solar spectrum absorption through spectral splitting between
the WBG and NBG perovskite subcells. In this design, the front
WBG subcell primarily absorbs high-energy photons in the UV-
visible range (300-750 nm), while the rear NBG subcell effi-
ciently captures near-infrared photons (>750 nm). The structure
enhances spectral utilization by minimizing transmission los-
ses and suppressing carrier thermalization losses characteristic
of single-junction devices. By synergistically optimizing photon
management across complementary spectral regions, this
approach significantly suppresses energy dissipation and
enhances PCE.*”*?

While all-perovskite TSCs exhibit enhanced spectral utiliza-
tion, their Jsc typically underperforms compared to that of their
single-junction counterparts. This limitation is derived from
the intricate current-matching requirements between the WBG
front subcell and NBG rear subcell, where mismatched photo-
current generation induces compounded losses in tandem
configurations.***** The reduced Jsc originates primarily from
thermodynamic losses in the front subcell and insufficient
infrared photon harvesting in the rear subcell. To mitigate these
issues, bandgap engineering through compositional adjust-
ments enables precise spectral responsivity tuning, and thick-
ness optimization of photoactive layers balances absorption
depth with carrier extraction efficiency. Coordinated optimiza-
tion of these parameters is essential to align current generation
across subcells, thereby minimizing parasitic losses character-
istic of TSCs.

Traditionally, high-efficiency PSCs mainly adopted the
structure of n-i-p. The p-i-n structure is mainly applied to all-
perovskite TSCs. This shift stems from the limitations of Spiro-
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OMeTAD, the HTL material used in record-efficiency n-i-p
single-junction PSCs. Compared to the Cgo ETL in p-i-n devices,
Spiro-OMeTAD exhibits strong parasitic absorption and signif-
icant interfacial reflection, leading to substantial optical losses
in all-perovskite TSCs. To address these challenges, Ye et al.
developed a hole-selective transparent passivation contact by
introducing crosslinkable p-type small molecules into the
antisolvent process. The interface reflection and parasitic
absorption are effectively reduced. The resulting device achieves
one of the highest independently certified PCEs reported for n—
i-p perovskite/Si TSCs (Fig. 11a).>** Furthermore, other studies
have reported the construction of double-sided battery struc-
tures based on optical design. By employing TCOs as back
electrodes, these devices enable simultaneous light absorption
from both front and rear sides, significantly enhancing photon
harvesting efficiency.”**

Interface reflection losses significantly degrade the spectral
absorption efficiency in all-perovskite TSCs. Currently, two
primary strategies are employed to mitigate these losses: (1)
implementation of front-side anti-reflection coatings to mini-
mize photon escape, and (2) incorporation of light-trapping
architectures (e.g. textured or curved structures) to enhance
internal light absorption. Fang et al developed a nano-
structured composite interlayer by depositing highly dispersed
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tin fluoride oxide nanoplates (NP-FTO) onto a glass substrate,
followed by ALD of a thin SnO, coating. The incorporation of
NP-FTO architecture demonstrated dual functionality, effec-
tively reducing optical reflection, while simultaneously modu-
lating perovskite crystallization dynamics. The optimized
optical structure enabled an all-perovskite TSC with a certified
PCE of 28.2% (Fig. 11b).>*

4.1.2 Carrier recombination dynamics. Despite the rapid
development of all-perovskite TSCs, their performance remains
limited due to carrier recombination dynamics. Carrier
dynamics is predominantly governed by three interrelated
mechanisms: carrier transfer, transport and recombination
processes, which can be described by drift-diffusion
models.”***"” All-perovskite TSCs are composed of two perov-
skites exhibiting analogous carrier dynamics to single-junction
PSCs. Photon absorption with energies exceeding the bandgap
(E = E,) promotes electronic transitions from the valence band,
triggering either exciton formation or direct generation of
mobile charge carriers through band-to-band transitions.'***'*
Energetic carriers above the CBM or below the VBM undergo
thermalization to band edges through electron-phonon
coupling (processes 1 and 2 in Fig. 11¢).>** Thermal relaxation of
the charge carriers leads to energy loss in the device. Photog-
enerated charge carriers within the perovskite undergo
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(a) Comparisons of n—i—p perovskite/silicon TSCs in terms of Jsc vs. Voc x FF product.?® Copyright 2025, John Wiley and Sons. (b)

Reflectance spectra of WBG perovskite films deposited on ITO and NP-FTO.2** Copyright 2025, Springer Nature. (c) Schematic illustration of
charge-carrier generation, relaxation, and sub-band transition in the halide perovskite semiconductor.?** Copyright 2022, John Wiley and Sons.
(d) The device structure schematic diagram, J—V curves of control and target all-perovskite TSCs, and EQE spectra of the best tandem device 2
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diffusion-drift transport mechanisms, migrating toward the
perovskite and CTL interface under the influence of the built-in
potential gradient. At the interface, the built-in electric field
promotes carrier injection into the CTL, where subsequent
carrier diffusion is collected at the device electrodes. However,
part of the charge carriers generated by the WBG front cell and
the NBG rear cell of the all-perovskite TSCs will migrate into the
ICL. Previous studies reported that charge carriers from
different subcells will be transferred to TCO or metal layers for
recombination. The reason for this occurrence could be that, in
contrast to the CTL, TCO and the metal layer exhibit greater
carrier conductivity, which provides a preferential recombina-
tion pathway for carrier transport.**®

However, the recombination position of charge carriers
remains to be studied, as energy losses during diffusion criti-
cally limit device performance. Xu et al. demonstrated a defect
passivation strategy employing the molecular modifier 4-(tri-
fluoromethyl) benzhydrazide (TFH), which simultaneously
mitigates defect-mediated recombination in Sn-Pb perovskite
films and provides chemical anchors at the perovskite interface,
thereby promoting the transport of charge carriers (Fig. 11d).>**
In addition, non-radiative recombination in the WBG subcell
significantly degrades all-perovskite TSC performance. Miti-
gating bulk defects in the perovskite layer suppresses this
recombination loss. Previous studies indicate that perovskite
crystals with the (100) orientation have higher carrier mobility
and lower defect density than perovskite crystals with the (110)
or (111) orientation.*® Li et al. developed a crystallization-
modification strategy using nicotinamide and its derivative
additive, where isonicotinamide (IA) molecules preferentially
induced epitaxial growth along the (100) crystallographic plane
in WBG perovskite films. Finally, an efficient WBG PSC was
prepared, with an efficiency of 19.34% and a V¢ of 1.342 V. The
efficiency of the optimized all-perovskite TSCs reached a PCE of
28.53%.%*

In all-perovskite TSCs, the ICL governs device performance
through its influence on carrier dynamics. Charge carriers
transferred from both subcells to the ICL undergo significant
recombination, which can severely limit overall efficiency.
However, asymmetric carrier injection between subcells (man-
ifested as imbalanced electron and hole amounts) induces
residual charge accumulation at the ICL/perovskite interfaces.
This interfacial charge accumulation generates parasitic electric
fields that obstruct carrier extraction, resulting in the splitting
of the Fermi level and the Eju at the ICL, ultimately reducing
Voc and FF through enhanced non-radiative recombination
pathways. To mitigate this, some studies have introduced dense
ALD-SnO, layers in the ICL to suppress halogen ion migration
and prevent electrode corrosion-induced carrier accumula-
tion.”***** Zhao et al. developed an ICL of Cgy/SnO,/1ZO/
PEDOT:PSS to protect the bottom films. Based on this ICL
structure, the all-perovskite TSC with an area of 1.044 cm?
achieved a certification efficiency of 26.4%.** The V¢ loss at
the ICL provides a critical diagnostic metric for assessing
charge-carrier equilibrium in all-perovskite TSCs, directly
reflecting the balance of photogenerated carriers in series-
connected junctions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.2 Perovskite/organic TSCs

4.2.1 Optical design. In addition to all-perovskite TSCs, PO-
TSCs have emerged as promising alternatives, leveraging the
non-toxicity, near-infrared absorption, and mechanical flexi-
bility of OSCs. While early PO-TSC development was limited by
the modest efficiency of OSCs, recent advances in NFAs (e.g. Y6)
and polymer donors (e.g. PM6 and D18) have significantly
improved OSC performance. Although PO-TSCs currently
exhibit lower efficiencies than other PeTSCs, the organic rear
cells offer unique advantages in spectral tuning through flexible
acceptor design. WBG PSCs in PO-TSCs efficiently harvest
photons across the visible and near-infrared (300-750 nm)
spectra, while NBG OSCs extend absorption beyond 750 nm. By
synergistically broadening the spectral response, PO-TSCs
surpass the efficiency limits of single-junction devices. Theo-
retical calculations suggest that optimal bandgap tuning could
push PO-TSC efficiencies toward ~40% (Fig. 12a)."*

The bandgap of WBG PSCs can be precisely tuned from 1.6 to
2.3 eV through compositional engineering at the A, B, and X
sites. While a 1: 1 I: Br ratio yields an optimal 1.85 eV bandgap,
excess Br content accelerates crystallization kinetics, intro-
ducing intrinsic defects and light-induced phase segrega-
tion.>****** Therefore, bandgap optimization must balance
spectral matching with OSC subcells against material stability.>
The optical thickness of WBG PSCs in PO-TSCs critically influ-
ences both photon absorption and charge transport. Increasing
the perovskite layer thickness induces a redshift in the
absorption spectrum, while thinner films promote more effi-
cient charge carrier extraction. An optimal thickness must
therefore balance these competing effects to maximize tandem
device performance.

The optimal bandgap selection for OSCs is dependent on the
spectral complementarity with WBG PSCs in a tandem struc-
ture. Through ternary blending strategies employing NBG NFAs,
the OSC absorption range can be precisely tuned. The strategy
of introducing the third component is mainly through the
complementary absorption of two narrow- bandgap NFA
receptors, thereby broadening the near-infrared absorption
range. Bo et al. introduced BTP-eC9-4F and L8-BO as receptors,
which could effectively improve the absorption of near-infrared
photons. The ternary OSCs based on D18:BTP-eC9-4F:L8-BO
achieved a PCE of 19.2%. When integrated into PO-TSCs, the
overall device efficiency was enhanced to 24.5%, demonstrating
the effectiveness of this material combination for tandem
applications (Fig. 12b).>*® Unlike perovskites, where free carriers
are generated directly, OSCs rely on exciton dissociation at
donor-acceptor interfaces.”” However, introducing a third
component can complicate film growth, potentially degrading
film quality and increasing exciton recombination losses. To
solve this problem, the third component should promote crys-
tallization, enhance charge transfer states, and improve
molecular packing order, thereby reducing non-radiative
recombination. Zhu et al designed an acceptor, AQx-2F,
featuring low recombination energy, suppressed electron—
phonon coupling, and reduced exciton binding energy. The
champion ternary OSCs based on D18:AQx-2F:eC9 achieve the
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Copyright 2024, John Wiley and Sons. (c) Absorption spectra of the films of PTB7-Th, BTPV-4F-eC9, and BTPV-4Cl-eC9.22° Copyright 2022,
John Wiley and Sons. (d) Reflectance for quarter-wave thickness silica coating on glass. The effective refractive index ne¢s of the coating is plotted
on the right axis.?** Copyright 2018, Elsevier. (e) Device configuration of PO-TSCs; the red frame highlights the ICL structure with different HSLs in
an organic subcell; summary of the Voc-FF product of reported high-performance PO-TSCs. Inset: summary of FFs of reported high-perfor-
mance perovskite/silicon TSCs, perovskite/perovskite TSCs, PO-TSCs, and perovskite/CIGS TSCs; J-V curves of champion PO-TSCs at forward
and reverse scans.?*2 Copyright 2024, John Wiley and Sons. (f) A schematic illustration of the mechanism of protecting perovskite from damage
during the ITO sputtering process.?*® Copyright 2023, John Wiley and Sons. (g) Voltage losses are summarized by comparing QFLSp (from film
PLQY), QFLSg, (from device ELQY), and device Voc. Except for the cis-CyDAl,-treated PSCs, a QFLSp —Voc mismatch is observed, whereas
QFLSg, aligns with the V.28 Copyright 2024, Springer Nature. (h) Strategies to improve the Voc in 2T OSCs: the improved Vo can result from
both increased Voc rad and reduced AV,,.2** Copyright 2023, Springer Nature.

highest certified PCE of 20.6% and V¢ of 0.937 V.**® The A-
DA'D-A structured NBG small molecule acceptors were selected
for the rear subcell to achieve optimal band alignment with the
WBG perovskite front subcell. Li et al. designed a small mole-
cule acceptor, BTCV-4Cl-eC9, by substituting fluorine atoms
with chlorine at the A-terminal group. This structural modifi-
cation effectively broadened the absorption spectrum of the
material. The NBG OSC based on PTB7-Th:BTPV-4Cl-eC9
achieves a Jsc of 28.6 mA cm 2. Finally, the optimized PO-TSC
delivers a PCE of 22.0% (Fig. 12¢).>* At the same time, bandgap
narrowing often exacerbates non-radiative recombination
and reduces exciton dissociation efficiency, thereby
limiting device performance. Therefore, broadening the
absorption spectrum while maintaining a high Vo remains
a critical strategy for enhancing photovoltaic efficiency. In

18580 | Chem. Sci, 2025, 16, 18559-18598

contrast to all-perovskite TSCs, PO-TSCs combine flexibility,
design versatility, and cost efficiency. The organic rear subcell
not only provides encapsulation but also introduces distinct
optical properties that are pivotal for optimizing device perfor-
mance. In the CH;NH;PbI; (MAPDI;) perovskite film, only 65%
of the incident light will be absorbed, and the remaining loss is
mainly light escape from the device and light reflection.*** So to
obtain higher PCE, it is necessary to optimize the device
structure.

Sunlight enters the device through the glass substrate, where
inherent surface reflections inevitably reduce light absorption.
To mitigate this loss, an anti-reflection coating can be
employed. For instance, a SiO, nanosphere-based nano-coating
was demonstrated to achieve 96.1% maximum light trans-
mittance, enabling MAPbI;-based PSCs to reach a PCE of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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15.82% (Fig. 12d).>** The PCE of PO-TSCs shows strong angular
dependence, decreasing significantly under oblique light inci-
dence. This performance degradation primarily results from
increased optical losses and aggravated non-radiative recom-
bination at wide incidence angles. Most existing studies focus
exclusively on normal incidence conditions, but investigations
of angular-dependent performance remain scarce. Developing
effective strategies to mitigate these angular-dependent loss
mechanisms is therefore crucial for advancing the practical
application of PO-TSCs.**’

4.2.2 Interconnection depletion. In PO-TSCs, the ICL plays
a crucial role in device performance and stability. An optimal
ICL design must satisfy three key requirements: (1) high optical
transparency with minimal parasitic absorption, (2) balanced
charge transport between subcells to prevent carrier accumu-
lation, and (3) effective chemical protection. For solution-
processed PO-TSCs, solvent orthogonality is particularly
critical to prevent dissolution of the underlying perovskite layer
during subsequent organic cell deposition. In PO-TSCs,
orthogonal solvents are used to prepare PSCs and OSCs, which
enable sequential processing without compromising either
sublayer.

Charge carrier imbalance between the perovskite and organic
active layers can induce significant charge accumulation, thereby
reducing the FF in PO-TSCs. To mitigate this issue, optimizing
charge transport dynamics between subcells is essential for
achieving high-performance devices. Zhu et al. introduced Me-
4PACz into the BHJ, where it spontaneously self-assembled at the
bottom interface to form a MoO,/Me-4PACz double-hole trans-
port layer structure in the ICL. This modification improved
energy level alignment and enhanced charge extraction effi-
ciency. The resulting PO-TSCs with a Cgo/BCP/Au/M0O,/Me-
4PACz structure achieved a PCE of 25.56% (certified 24.65%) and
a FF of 83.62% (Fig. 12e).*** Sputtering and ALD are widely
employed for fabricating metal oxide films in ICL. Among them,
TCO is an excellent material, which attracts much attention due
to its outstanding light transmittance and excellent conductivity.
It exhibits a transmittance exceeding 90% across both the visible
and near-infrared spectral regions. TCO currently employed in
perovskite solar cells primarily consists of three types: ITO, FTO,
and aluminum-doped zinc oxide (AZO). Each of these materials
exhibits distinct characteristics and varies in terms of perfor-
mance and cost. In addition to the mentioned three types,
alternative TCO materials are also being actively explored within
the research community.**® For example, Hou et al. developed
a high-transmittance ICL comprising BCP/IZO/MoO,, where the
sputtered I1ZO layer exhibited superior surface coverage and
increased recombination sites, thereby enhancing charge
recombination efficiency. The resulting PO-TSCs achieved a PCE
of 23.6%.°" Riedl et al. employed ALD to fabricate an InO,-based
recombination layer, which formed a highly compact interfacial
structure. It simultaneously establishes ohmic contact and
minimizes optical losses. The resulting PO-TSCs obtained a PCE
of 24.0% with a Vo of 2.15 V.** However, sputtering may induce
film damage due to high-energy ion bombardment, while ALD
typically incurs higher fabrication costs.** Optimizing device
fabrication processes remains crucial for advancing TSCs. Recent
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studies demonstrate that evaporated ultrathin metal films offer
a promising alternative approach. Au films enhance device effi-
ciency and stability via improved ohmic contacts and majority
carrier recombination, and their high cost and electron barrier
limitations restrict large-scale applications. The commonly used
Ag film has a suitable energy barrier, but there will be corrosion
problems and serious parasitic absorption problems."****
Therefore, researchers have developed an Ag/Au bilayer archi-
tecture that simultaneously optimizes the electron energy barrier
for efficient carrier tunneling while maintaining high optical
transparency. As a result, PO-TSCs exhibit an excellent PCE of
23.26%.7** However, the implementation of ICLs based on thin
metal layers may introduce significant optical losses, which will
seriously affect the efficiency of the TSC device and Js¢ of the rear
cell. Tan et al. developed a dual-functional organic molecule, 4,7-
bis((4-vinylbenzyl)oxy)-1,10-phenanthroline (denoted as C1), as
a sputtering buffer layer (SBL). Upon thermal cross-linking, the
styrene groups in C1 exhibit exceptional sputtering resistance.
Moreover, C1 possesses high electron mobility, effectively miti-
gating sputtering-induced damage and interfacial charge accu-
mulation in the ICL. The resulting PO-TSC achieves a PCE of
24.07% (Fig. 12f).%

4.2.3 Reducing voltage loss. PO-TSCs integrating WBG
PSCs and NBG OSC subcells with an ICL exhibit lower efficiency
than alternative tandem structures. This diminished perfor-
mance is primarily attributed to significant V¢ losses, which
originate from two critical components: (1) inherent limitations
in the WBG PSCs and (2) suboptimal characteristics of the NBG
OSCs. Specifically, Vo losses in WBG PSCs arise from interfa-
cial recombination and halide segregation under operational
conditions, while NBG OSCs suffer from non-radiative recom-
bination due to insufficient energy-level alignment and
morphological instability in the active layers.®**>*>'*> These
collective challenges hinder the realization of ideal Vo addi-
tivity and current matching, ultimately constraining the effi-
ciency of PO-TSCs. As discussed, the Br-rich composition in
WBG perovskite subcells induces phase segregation under
illumination while generating high defect densities, both
contributing to significant Vo losses. Recent strategies to
mitigate these losses focus on suppressing phase segregation
and minimizing defect formation. Tao et al. effectively sup-
pressed phase segregation in WBG PSCs through the synergistic
action of Pb(SCN), and 2-thiopheneethylammonium chloride
(TEACI). The incorporation of Pb(SCN), modulated crystalliza-
tion kinetics, yielding larger perovskite grains with reduced
boundaries, thereby minimizing phase segregation. Meanwhile,
TEACI passivates the surface defects of WBG PSCs. The modi-
fied PO-TSCs exhibit a PCE of 22.29% and a V¢ of 2.072 V.?**
The incorporation of additives can effectively tune optoelec-
tronic properties, and it may also perturb perovskite crystalli-
zation dynamics, potentially exacerbating non-radiative
recombination losses. Concurrently, surface defects in perov-
skites act as dominant carrier trapping centers, and the defects
may induce ion migration in the perovskite, resulting in Vo¢
losses in WBG PSCs and compromising the efficiency and
stability of PO-TSCs. Chen et al. developed a tryptophan (TRP)
molecule-assisted iodine capture strategy to suppress UV-light-
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induced degradation and phase segregation, caused by halogen
ion migration from the NiO, side. The optimized charge
transport and minimized non-radiative recombination at the
interface boost the efficiency up to 19.04% with a Voc 0of 1.30 V,
which is the highest V¢ for the NiO,-based WBG PSCs without
a SAM.*¥ These challenges highlight the crucial need for
surface passivation strategies to suppress recombination and
enhance interfacial charge extraction.

In WBG PSCs, serious interface recombination predomi-
nantly occurs at the perovskite/Cq, interface, where surface
states induce pronounced band bending at the electron quasi-
Fermi level. Li et al. designed a cis-passivating agent, 1,4-di-
ammonium diiodide (cis-CyDAL,), which elevates the perovskite
surface Fermi level, thereby suppressing band bending at the
electron quasi-Fermi level and improving contact with the
electron transport layer. Finally, the modified PO-TSCs obtained
a certified PCE of 25.7% (Fig. 12g).>®

In OSCs, energetic disorder and trap states promote non-
radiative recombination and reduce the quasi-Fermi level split-
ting (QFLS), leading directly to Vo loss. Inferior charge carrier
mobilities result in imbalanced transport, enhanced recombi-
nation, and increased series resistance, which constrain the FF
and further limit the Vc.>**?*° Moreover, the organic active layer
is susceptible to phase separation, molecular rearrangement,
and chemical degradation upon exposure to light, heat, or air,
resulting in performance instability.””® These disadvantages are
especially pronounced in NBG OSCs. Therefore, when employed
as the bottom cell in perovskite-organic tandem solar cells,
systematic optimization of material design and interface engi-
neering is essential to mitigate these issues.

In PO-TSCs, the rear subcell typically employs ternary OSCs,
where a third component is incorporated into the binary blend
to extend the spectral absorption range and enhance photo-
current generation.”***** Subsequent studies revealed that
incorporating the third component can enhance Vg, although
the underlying mechanism remains unclear. The Voc mecha-
nism in ternary OSCs is more complex than in binary systems,
primarily due to third component-induced variations in
morphology and exciton dissociation. Currently, no established
model fully explains Voc tunability across different OSC struc-
tures.'®>'%¢2*> While most studies correlate Vo with the charge
transfer state energy (Ecr), they often neglect the influence of
acceptor components on recombination processes. Notably,
non-radiative recombination-induced voltage loss (AV,,)
significantly deteriorates OSC performance. Component aggre-
gation leads to exciton quenching, thereby enhancing non-
radiative recombination. When the third component has
a significant effect on the binary OSC, high compatibility
between the third component and the main binary blend is
required. In addition, when the third component will not have
a significant effect on the morphology of the binary blend, the
third component can be controlled to reduce the AV, by
affecting the CT state of the binary blend (Fig. 12h).** A
significant problem with the ternary strategy is the modulation
of the vertical phase morphology of the blend, and proper
modulation of this morphology can enhance vertical charge
transport.*** Adding a third component may induce alloy-phase
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formation in donor or acceptor matrices. When localized at the
D/A interface, it may form an isolated phase, resulting in
morphological heterogeneity and increased Voc loss. Conse-
quently, precise control over the morphology of the active layers
remains a critical challenge requiring further investigation.**®
To mitigate Voc losses and enhance efficiency in PO-TSCs,
further development of novel materials, device architectures,
and processing methods remains crucial. These advancements
will significantly advance the technologies of PO-TSCs.

5. Interconnecting layers

The ICL serves as a critical functional component in 2T TSCs,
which enables efficient current transport and voltage optimiza-
tion by bridging subcells with different bandgaps. This necessi-
tates detailed optimization of both the spectral management to
maximize infrared transmittance to the rear cells and the current
matching conditions at the maximum power point (MPP) to
ensure balanced photocurrent generation. To satisfy the perfor-
mance requirements, an optimal ICL must simultaneously
exhibit high electrical conductivity for effective carrier collection,
excellent optical transparency across the solar spectrum, robust
chemical inertness, and compatibility with scalable low-cost
processing methods.******” Furthermore, advanced ICL designs
should incorporate dual protective functionalities, which can
protect underlying layers from environmental degradation while
mitigating solution processing-induced interfacial damage
during subsequent device fabrication steps.

The main structure of ICL in PeTSCs is divided into P-N, P-
TCO-N, and P-metal-N. The latter two architectures are
predominantly employed in current designs. The first structure
introduces a significant potential barrier at the P-N junction
when perovskite-generated charge carriers migrate toward the
ICL. This diode-like effect substantially compromises the
performance of TSCs. To address this limitation, efficient carrier
transport through the ICL and rapid recombination must be
achieved. Quantum tunneling facilitates direct interband elec-
tron transfer between the conduction band of the front cell's ETL
and the valence band of the rear cell's HTL. Crucially, incorpo-
rating a highly conductive interlayer within the P-N junction
enhances tunneling-assisted carrier recombination efficiency,
which can improve the FF of devices. The ICL in TSCs presents
critical challenges including parasitic absorption, solvent-
induced degradation, energy level misalignment, and ion
migration-induced instability. The incorporation of transparent
conductive oxides or metallic components in ICLs enhances
parasitic absorption due to the fundamental relationship
between the absorption coefficient («) and free electron density
(n), where o o« n, as shown in the formula,

o =0on

where ¢ is the absorption cross-section. Enhanced doping
concentration tends to amplify optical absorption in material
systems. The functional characteristics of TCO films are compo-
sition-dependent, as exemplified by Sn-doped ITO. At optimal Sn
doping levels, carrier density is elevated via substitutional

© 2025 The Author(s). Published by the Royal Society of Chemistry
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incorporation, whereas excessive doping surpasses the solubility
threshold, inducing lattice strain, mobility degradation, and
uneven distribution. Zn, Ce, and other metals can be doped to
prepare high-performance TCO films.>** Current research strate-
gies predominantly focus on reducing the thickness of TCO layers
as the primary approach for modulating tunneling phenomena
while suppressing parasitic absorption in optoelectronic
devices.** In the P-metal-N structure, the metallic layer exhibits
a higher n value relative to the TCO component, leading to
a substantially elevated «. Optical transmittance is critically
thickness-dependent for Ag layers, with Ag films displaying
markedly inferior performance compared to their Au counter-
parts. This disparity has established Au as the prevailing metallic
electrode in such configurations, despite persistent challenges
associated with its prohibitively high material cost.

The fabrication of TSCs typically employs low-temperature
solution processing, which inevitably subjects the functional
layers to solvent-induced degradation. A critical challenge lies in
preventing solvent penetration from the spin-coating process of
rear cells into the ICL, which necessitates the incorporation of
dense Dbarrier layers. Stranks et al demonstrated an
innovative ICL architecture using SnO,/Cso/2PACz with
graphene substitution for conventional metal layers, effectively
mitigating solvent infiltration issues.”*® While sputtered ITO
remains the predominant choice for tunneling junctions in re-
ported TSCs, the magnetron sputtering process often damages
underlying films. This highlights the need for protective buffer
layers. Tan et al. employed ALD to fabricate a compact SnO,
barrier, simultaneously incorporating a metal interlayer to
enhance carrier tunneling recombination. This approach yielded
all-perovskite TSCs with a certified efficiency of 24.8%.%>

Photoinduced halide migration can lead to undesirable
interactions between halide ions and metallic components in
the ICL, a challenge observed in both tandem and single-junc-
tion architectures. Therefore, the choice of ICL metals must
prioritize not only optimal energy-level alignment but also
intrinsic resistance to halide-induced chemical degradation. To
mitigate carrier diffusion, introducing a dense barrier layer
(such as ALD-SnO, films) can effectively suppress undesired
charge transport. Moreover, minimizing lateral conductivity in
the ICL is critical to prevent the unintended lateral transport of
un-recombined carriers, which may otherwise contribute to
leakage pathways. However, excessive reduction in transverse
conductivity, particularly in ultrathin films, can induce shunt-
ing, adversely affecting the FF and PCE of the devices.>** Thus,
optimizing the ICL requires a balanced approach to suppress
leakage channels while maintaining sufficient conductivity for
efficient charge collection.

6. Outlook and prospects for
solution-processed PeTSCs

6.1 Further improvement in PCE (especially for flexible
PeTSCs)

The continuous improvement of PeTSC efficiency remains a key
research priority, with material optimization and interface
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engineering playing crucial roles. Recent studies highlight the
importance of developing advanced active layer materials,
implementing additive strategies, and precisely controlling
interfacial properties to enhance the performance of devices.
Tables 1 and 2 summarize key developments in PeTSCs,
covering device structures, key improvements, and photovoltaic
parameters (Voc, Jsc, FF, and PCE). In WBG PSCs, performance
losses are primarily attributed to interfacial issues, particularly
at the bottom interface, which significantly affects perovskite
crystallization. However, further understanding the bottom
interface presents greater challenges than the top interface, and
its fundamental mechanisms remain incompletely resolved.
Addressing these challenges requires simultaneous develop-
ment of crystallization-promoting additives and tailored inter-
face layers that guide optimal perovskite growth. The ICL
represents another important component, where uncertainties
regarding charge carrier recombination pathways limit
systematic optimization. Among available options, transparent
conducting oxide-based ICLs show particular promise for
industrial-scale manufacturing due to their excellent conduc-
tivity, transparency, and process compatibility. Mitigating
sputtering-induced damage during deposition remains
a significant challenge that requires innovative protective
interlayer solutions.

In addition to the high efficiency, PeTSCs have also
demonstrated broad prospects for application in flexible elec-
tronics. Notably, the perovskite thin films undergo micro-
structural evolution under mechanical strain, which indicates
surface wrinkling and interfacial delamination that affect the
PCE and operational stability of devices.'****>?3* The inherent
brittleness makes them prone to crack formation under stress.
While Young's modulus typically reflects material rigidity,
brittle perovskite films may fracture even at low modulus
values, necessitating both low stiffness and enhanced ductility
for flexible applications.*®* Furthermore, weak interlayer adhe-
sion promotes interface failure during repeated bending. The
thermal expansion coefficient mismatch between perovskite
films and flexible substrates generates strain-induced perfor-
mance degradation, where tensile stress promotes crack prop-
agation while compressive stress induces interfacial
delamination. Addressing the challenges requires simultaneous
optimization of mechanical properties and interfacial
engineering.”***® Huang et al incorporated liquid crystal
elastomer interlayers into flexible devices, toughening charge-
transfer channels through mesocrystalline arrays. Photo-
polymerization of the diacrylate monomer and dithiol-termi-
nated oligomer stabilized molecular alignment. This
optimization improved charge collection and suppressed
interfacial recombination, achieving efficiencies of 23.26% for
rigid devices and 22.10% for their flexible counterparts.*

The high absorption coefficient of perovskite materials
enables ultra-thin films (<1 pm), but the thickness exacerbates
stress concentration during substrate bending, which acceler-
ates strain-induced structural degradation. Such mechanical
instability critically compromises interfacial integrity during
dynamic operation, demanding innovative approaches for
robust flexible architectures.?®”**® Furthermore, weak interlayer
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Table 1 Summary of perovskite/organic TSCs
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Year Device structure Voc (V)

Jsc (mA ecm™?) FF (%) PCE (%) Ref.

2019 ITO/Sn0O,/CsPbl,Br/PTAA/M0O;/Au/ZnO/
PTB7-Th:CO;8DFIC:PC,,BM/M0O,/Ag
ITO/NiO,/FAg sMAg 02CS0.15Pbl; gBr 5/
C60/BCP/

Ag nanoparticle/MoO,/
PBDBT-2F:Y6:PC,,;BM/TPBi/Ag
ITO/2PACz/FAy ¢MA, 4PbI, ¢Br; 5/Ceo/
BCP/Ag/MoO,/
PTB7-Th:BTPV-4Cl-eC9/PDINN/Ag
ITO/MeO-2PACz/FA, 5Cso ,Pbl; ¢Br; o/
C60/ALD-SnO,/
Au/PEDOT:PSS/PM6zY6/PFN-Br2/Ag
ITO/NiO,/BPA/CS¢ 5FA 55PbI; ¢Br; »/Coo
/BCP/CRL/M0O,/PM6:Y6:PC,,BM/
PNDIT-F3N/Ag
ITO/NiO,/2PACz/CSg »5FAg 75PbI, ¢Br; o/
PEAI/PC; BM/BCP/Ag/Au/MoO,/
PM6:Y6:PCq,BM/PFN-Br/Ag
ITO/4APADCB/FAMACSPbI, 5Br, 5/
PCgoBM/Cg(/SnO,/
Au/PEDOT:PSS/D18:L8-BO:BTP-eC9-4F/
PDINN/Ag
ITO/NiO,/Me-2PACz/perovskite/Cgo/BCP/
Au/MoO,/Me-4PACz/
PM6:Y6:L8-BO/Cgo/BCP/Ag
ITO/NiOx/2PACz/FA, 5CSo »PbI; ¢Br; 4/
PEAI/Cgo/BCP/
Ag/Mo00,/2PACz/D18:Cl:N3:PCq,BM/Cy0/
BCP/Ag
ITO/Br-Ph-4PACz/CS »5FAg 75Pbl, gBr; o/
C0/SnO,/ITO/M0O,/
PM6:P2EH-2V/PDINN/Ag

1.710

2020 1.902

2022 1.880

2022 2.072

2022 2.065

2023 2.067

2024 2.200

2024 2.126

2024 2.120

2025 2.140

adhesion and bending-induced delamination at functional
interfaces significantly degrade the performance of devices. At
present, transparent electrode optimization remains another
key challenge, as conventional ITO electrodes exhibit poor
mechanical stability under repeated bending.

Compared with the rigid PeTSC, the PCE of a flexible PeTSC
is relatively lower. This is primarily due to mechanical degra-
dation during bending. Grain boundary cracks and interfacial
delamination necessitate improved film flexibility and self-
healing properties to mitigate defect formation.**>*** While
a lower Young's modulus typically correlates with better
bending durability, the fundamental mechanical trade-offs
between flexibility and the performance of devices remain
insufficiently understood.

6.2 Scalability and stability

Large-scale production of the PeTSC remains a critical hurdle
for commercialization. Techniques such as blade-coating, roll-
to-roll processing, and inject-printing indicate promise for
scalable fabrication, but their efficiency in mass production still
requires optimization.>*>** Notably, the volume of technology
offers advantages in reducing processing steps and costs, yet

18584 | Chem. Sci., 2025, 16, 18559-18598

11.98 73.40 15.04 29

13.05 83.10 20.60 36

15.70 74.6 22.00 229

13.95 77.29 22.29 234

14.87 74.70 22.94 31

14.27 78.84 23.26 235

13.80 80.60 24.50 226

14.38 83.62 25.56 232

14.68 82.97 25.82 62

15.15 82.4 26.70 260

achieving high-throughput uniformity presents ongoing chal-
lenges. Additionally, industrial adoption necessitates the
development of environmentally benign solvents. Conventional
solvents like DMF:DMSO and chlorobenzene raise toxicity
concerns and yield unstable perovskite films, further compli-
cating large-scale manufacturing. The pursuit of green alter-
natives that simultaneously enhance device performance and
stability remains a key research priority for sustainable PSC
commercialization.?*>¢”

The commercialization of PeTSCs necessitates overcoming
critical stability limitations. Under operating conditions, the
primary degradation mechanisms of perovskite sub-cells
include ion migration, photothermal-induced oxidation, and
stress-induced damage. Specifically, the migration of ions (e.g.,
MA®, Pb**, and I") disrupts local chemical stoichiometry,
leading to perovskite decomposition. Furthermore, ion migra-
tion induces hysteresis effects, lattice distortion, and the
formation of non-radiative recombination centers.***?”* For
instance, in wide-bandgap perovskites, phase separation is the
result of ion migration. Chen et al. employed triphenyl phos-
phate (Tri-PyPA) to modulate the Br/I competitive crystallization
and compositional distribution in perovskite films. Tri-PyPA
interacts with the formamidinium (FA") cations through its 7—

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of all-perovskite TSCs
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Year Device structure Voc (V)

Jsc (mA ecm™?) FF (%) PCE (%)

2019 ITO/PTAA/CS¢.0sMAo 05FAg oPbl, g5Br 15/
Ce0/SNO,/
Au/PEDOT:PSS/FA, ;MA, _sPbg sSn 515/
Cgo/BCP/Cu
ITO/NiO/VNPB/FA, 4Cso ,Pbl; ¢Br; »/Coo/
SnO,/Au/PEDOT-PSS/

FAo 7MA 3Pbg 5510 513/Ce0/SNO,/Cu
ITO/NiO/VNPB/FA¢ 5CSo.»Pbl; g6BI1 14/
SnO,/Au/PEDOT:PSS/
FAo.7;MA, 3Pbg 5Sn, 513/Ceo/BCP/Cu
ITO/2PACZ/FA; éMAo_sPbL, BT, »/Ceol
BCP/Au/PEDOT:PSS/

FAy sMA, 5Pby SN 515/Ceo/BCP/Cu
ITO/NiO,/Me-4PACz/
FAo.5CSo.2PbL; gBr; 2/Ceo/SNO,/
Au/PEDOT:PSS/

FAy sMA, 5Pby SN 515/Ceo/BCP/Cu
TCO/NiO/Me-2PACz/

FAg 5C80.2PbI; 5By 11/
C0/SnO,/Au/PEDOT:PSS/
C80.05FA¢.7MAg 55510, 5Pbg 515/
Ce0/SNO,/Ag

ITO/Me-4PACz/Al, 05/

FA, CSo.,PbL B, 5/
PDAIL,/Cq,/SnO,/Au/PEDOT:PSS/ALL O/
FAo.sMAo 5Pbg ;SN 3Is/BDA-EDAL,/Cyo/
BCP/Ag

ITO/NiOX/SAM/FA 5Cso.,Pbl, ¢Br; 5/
Cg0/SnO,/Au/PEDOT:PSS/
FAysMA, 5Pby SN 515/Ceo/BCP/Cu

1.965

2020 2.013

2022 2.048

2023 2.110

2024 2.130

2024 2.180

2024 2.123

2025 2.151

7 conjugated system, effectively immobilizing them. This
interaction significantly suppresses non-radiative recombina-
tion and increases the energy barrier for ion migration, thereby
greatly enhancing device stability. As a result, the unencapsu-
lated device retained 95% of its initial efficiency after 1100
hours of continuous light soaking.””* Permanent suppression of
phase segregation through tailored additives could substan-
tially enhance the long-term stability of devices. Grain boundary
defects generated during perovskite crystallization contribute to
carrier recombination and V¢ loss, while interfacial reactions
such as photocatalytic oxidation at the HTL/perovskite interface
further degrade performance. Effective mitigation approaches
focus on advanced encapsulation technologies utilizing cross-
linked polymers or high-performance barrier materials to
prevent moisture and oxygen penetration. Currently, ultraviolet-
curable epoxy, butyl rubber, and silicone adhesives are widely
employed as encapsulation materials in perovskite solar cells.
However, high-energy ultraviolet irradiation can accelerate the
decomposition of the perovskite layer and degrade device
performance.”” The photopolymerization process is highly
exothermic, and releases significant amounts of heat inducing
thermal stress within the perovskite film. This stress can lead to
cracking or interfacial delamination due to mismatched
thermal expansion coefficients among adjacent layers.”””
Equally important is the development of low-temperature

© 2025 The Author(s). Published by the Royal Society of Chemistry

15.60 81.00 24.80 251

16.00 79.80 25.60 30

16.54 77.90 26.40 261

16.06 82.20 27.34 34

16.27 78.94 27.35 154

15.71 79.90 27.41 149

16.00 83.88 28.49 167

16.51 82.00 29.10 35

compatible packaging solutions to minimize thermal stress
effects in tandem device architectures. The combined strategies
address the fundamental stability challenges while preserving
the performance of devices. The development of robust encap-
sulation systems alongside optimized interfacial engineering
represents a promising pathway toward achieving commercially
viable perovskite photovoltaics.

Furthermore, recent studies have improved the stability of
tandem devices using self-packaging techniques. For example,
in all-perovskite TSCs, self-encapsulation is achieved by
depositing NBG PSCs before WBG PSCs. Similarly, the organic
rear cell functions as a self-packaging layer, which can provide
additional protection against moisture and oxygen, thereby
enhancing the stability of PO-TSCs.

6.3 Commercialization and application

In PeTSCs with 4T architecture, configurations using c-Si or
CIGS as the rear cell have shown promising commercial scal-
ability. However, the commercial development of Si and CIGS-
based technologies is constrained by their inherent processing
limitations.””* Additionally, the 4T structure requires complex
interconnection strategies and additional circuitry for grid
integration, which generates significant economic challenges
for large-scale photovoltaic deployment.

Chem. Sci., 2025, 16, 18559-18598 | 18585
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In practice, sunlight enters the device through the glass
substrate. The light reflection at the glass interface is unavoid-
able, and the incorporation of an anti-reflection layer can
mitigate optical losses and enhance light absorption. However,
the PCE of PO-TSCs exhibits significant angular dependence,
deteriorating under oblique light incidence. This is primarily
attributed to increased optical losses and non-radiative
recombination in PSCs wunder wide-angle illumination.
Currently, most studies focus on normal incidence conditions,
with a limited investigation into angular-dependent perfor-
mance. To enable the commercial viability of PO-TSCs, it is
imperative to develop effective approaches that minimize both
wide-angle optical losses and non-radiative recombination.

By contrast, PeTSCs based on a 2T structure demonstrate
superior PCE alongside a relatively simple device interconnect.
Both all-perovskite TSCs and PO-TSCs exhibit advantageous
attributes including lightweight design, a low-cost fabrication
process, low-temperature processing compatibility, and
mechanical flexibility, which make them attractive for next-
generation photovoltaics. The all-perovskite TSCs have achieved
certified PCE exceeding 24.4% in flexible configurations, but
their operational lifetime remains constrained by inherent
material instability. In comparison, PO-TSCs exhibit superior
environmental stability nearing industrial requirements,
alongside rapid efficiency gains in recent years. These divergent
characteristics highlight the necessity for targeted material
stabilization strategies and advanced interfacial engineering to
bridge the gap between laboratory breakthroughs and
commercial viability.””**7

PO-TSCs, through the use of a rich variety of materials and
processing technology of low-temperature high flux, can
overcome these problems; at present, the efficiency of PO-TSCs
is less than that of other PeTSCs, and further optimization is
needed. PO-TSCs have the characteristics of flexibility, self-
packaging, and light weight, which can be applied in many
aspects (e.g. agriculture photoelectric, building photovoltaics,
transportation, indoor photovoltaics, and other aspects). The
flexible characteristics of PO-TSCs make them suitable for
curved or special-shaped building surfaces, and they can be
integrated into the exterior walls, windows or roofs of build-
ings, directly replacing traditional building materials, and
realizing the integration of solar power generation and archi-
tectural design and can also be used for energy supply for
mobile power sources, outdoor charging devices, smart
clothing, or flexible electronic devices such as smart watches,
health monitoring devices, and display screens. Their thin and
flexible characteristics are suitable for fitting the surface of
portable electronics or equipment. The future PO-TSCs will
have lightweight characteristics, which are suitable for
unmanned aerial vehicle (UAV) energy systems to extend the
flight time. Perovskite/organic tandem cells have the potential
to transform the fields of construction, transportation,
consumer electronics and distributed energy, and their tech-
nological breakthroughs will promote the development of the
photovoltaic industry in the direction of efficiency, light
weight, and diversification.
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