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Perovskite solar cells (PSCs) have emerged as prominent contenders in photovoltaic technologies,
reaching a certified efficiency of 26.7%. Nevertheless, the current record efficiency is still far below the
theoretical Shockley—Queisser (SQ) limit due to the presence of non-radiative recombination losses.
Here, we provide a comprehensive review exploring the fundamental mechanisms driving non-radiative
recombination and the intricate dynamics of photocurrent hysteresis. The interconnectedness between
these issues and their collective impact on the operational stability of PSCs, which is essential for
practical application, is emphasized. Notable advancements in understanding and mitigating performance
losses caused by non-radiative recombination in PSCs are thoroughly overviewed, including advanced
passivation techniques, sophisticated interface engineering, precise compositional tuning, development of
novel materials, and state-of-the-art fabrication methods. These innovative approaches are making
significant progress in minimizing efficiency losses and further improving device stability. Moreover, this
Received 3rd July 2024, review identifies the ongoing challenges and outlines a strategic research agenda aimed at harnessing the
Accepted 25th November 2024 full potential of PSCs. To achieve the theoretical maximum efficiency defined by the SQ limit, this agenda
DOI: 10.1039/d4ee02917h sets a visionary goal for PSCs to transition from laboratory breakthroughs to widespread commercial
reality. Such advancements could revolutionize the global energy landscape, underscoring the critical
rsc.li/ees importance of continued innovation and development in this rapidly progressing field.

Broader context

In the quest for efficient renewable energy solutions, perovskite solar cells (PSCs) have made significant strides in photovoltaic technologies, with power
conversion efficiencies rising from an initial 3.8% to a certified 26.7%. Nevertheless, the current record efficiency is still far below the theoretical Shockley-
Queisser limit due to the presence of non-radiative recombination losses. To address this issue, it is essential to explore the latest advancements in mitigating
non-radiative recombination losses, which are crucial for enhancing the efficiency and stability of PSCs while providing future research directions. This review
systematically examines novel materials and advanced fabrication methods, with an in-depth analysis of the fundamental mechanisms driving non-radiative
recombination. By summarizing recent research findings, identifying current challenges, and proposing future research pathways, the work provides valuable
insights into the mechanisms governing non-radiative recombination, device stability, and j-V hysteresis. These insights are crucial for advancing perovskite
photovoltaic technology and enabling the transition of PSCs from laboratory research to scalable, commercially viable renewable energy solutions. This review
serves as a significant contribution to the development of more efficient and stable photovoltaic technologies.
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1. Introduction

As the global community confronts the urgent challenges of
climate change, the pursuit of efficient renewable energy solutions
has become increasingly critical. Western countries aim to achieve
carbon neutrality by 2050, while China has set its target for 2060,
reflecting the global imperative for rapid innovation in sustainable
energy technologies. In this context, perovskite-based photovoltaics
have emerged as a transformative force in solar energy conversion.
Their distinctive properties, from exceptional absorption coeffi-
cients to extended carrier diffusion lengths, have driven a paradigm
shift in photovoltaic research. Over the past decade or so, the power
conversion efficiency (PCE) of PSCs has surged from an initial 3.8%"
to a certified 26.7%,> with tandem configurations further pushing
the efficiency limit.>* However, a significant gap remains between
the current achievements and the theoretical SQ limits, which can
be attributed to defects in the perovskite layer, interfaces, or contact
materials.>® Therefore, suppressing non-radiative recombination
losses is crucial to realizing more efficient and stable PSCs.
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Achieving this goal requires a comprehensive understanding
of the intricate relationships between recombination mechan-
isms, device stability, and hysteresis effects in PSCs. Trap states
in perovskite films predominantly act as non-radiative recom-
bination sites, significantly influencing charge recombination
dynamics.”' Under illumination, this issue is exacerbated as
ionic vacancies or interstitial defects become activated, leading
to higher trap density."'™** Due to the photo-induced ion
migration effect, the traps in the films are redistributed, lead-
ing to the increase of photoluminescence (PL) lifetime and total
intensity. These changes correlate closely with the substantial
reduction and stabilization of fast nonradiative decay path-
ways. Thus, both ion migration and electronic charge traps
serve as recombination centers to achieve hysteresis in the
modeled J-V characteristics.”>™” Reducing trap density has
been shown to mitigate hysteresis, thereby suppressing trap-
mediated non-radiative recombination."®® Another major
obstacle to the commercialization of PSCs is the limited stability
of perovskite absorbers. Stability issues in PSCs can be
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dichotomized into extrinsic factors, which can be addressed
through external encapsulation methodologies,**>* and intrin-
sic determinants, which mandate rigorous refinements in the
crystalline integrity and compositional purity.>® Defect states,
particularly at grain boundaries and surfaces, create diverse
pathways for ion migration, accelerating device degradation and
compromising long-term performance stability. These defects
also form deep-level traps that enhance non-radiative recombi-
nation, further reducing device efficiency and stability.

Despite several review articles on non-radiative recombination,
the rapid advancements in PSC technology necessitate the need for
a more up-to-date and comprehensive review. Recent research has
introduced new insights and methodologies, such as the develop-
ment of multifunctional materials,**® improved fabrication
methods,” > and a deeper understanding of the fundamental
processes governing non-radiative recombination.** However, these
advancements have not been fully explored in existing reviews.
Therefore, there is a pressing need to systematically summarize
these latest developments, identify the remaining challenges, and
propose future research directions. The review seeks to enhance the
understanding of the fundamental mechanisms underlying non-
radiative recombination and provide innovative strategies for redu-
cing trap states, thereby improving the performance and stability of
PSCs. By thoroughly examining the relationship between non-
radiative recombination, stability, and hysteresis, we aim to offer
valuable insights that contribute to the development of more
efficient and stable solar energy solutions.

This comprehensive review elucidates key advancements in
mitigating non-radiative recombination losses, underscoring their
pivotal role in enhancing efficiency and ensuring operational
longevity of PSCs. The analysis meticulously examines current
device architectures and the intricacies of associated charge trans-
port phenomena. The multifaceted origins of non-radiative losses
are explored, with particular emphasis on defect-induced path-
ways, interfacial recombination dynamics, and other notable non-
radiative mechanisms. These include the formation of deep-level
defects, the influence of grain boundaries on charge carrier
dynamics, and the impact of surface states on overall device
performance. In parallel, the complex physics governing device
stability and the intricacies of J-V hysteresis are explored in depth.
The discussion subsequently transitions to a systematic explora-
tion of strategies aimed at reducing non-radiative recombination
and hysteresis, emphasizing innovations in crystallization pro-
cesses and advanced interface engineering. Finally, the review
concludes with an insightful evaluation of the prevailing chal-
lenges, offering a forward-looking perspective on the future trajec-
tory of PSCs within the commercial landscape.

2. Device physics for
high-performance PSCs
2.1 Device configuration and efficiency

The typical device architecture of PSCs comprises five interact-
ing layers, including an intrinsic perovskite absorber, positive
and negative charge transport layers (CTLs), and dual
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electrodes for charge collection. These configurations are
primarily classified into three types: mesoporous n-i-p, planar
n-i-p, and inverted p-i-n structures (Fig. 1a). Table S1 (ESIY)
compares the photovoltaic parameters of single-junction PSCs
across both n-i-p and p-i-n configurations. Notably, n-i-p
PSCs have traditionally maintained the highest PCEs. Never-
theless, recent developments indicate that p-i-n PSCs have
surpassed n-i-p configurations in certified efficiency. This
significant shift highlights the latest advancements in PSC
technology. In addition, p-i-n PSCs offer greater commercial
viability due to their straightforward fabrication process, com-
patibility with flexible substrates, and potential for tandem cell
integration (Fig. 1b and c). While n-i-p PSCs excel in PCEs, the
commercial appeal of p-i-n configurations is undeniable,
largely attributed to their ease of fabrication and adaptability.
Furthermore, n-i-p PSCs face challenges with imbalanced
charge transport at their interfaces,*" an issue effectively miti-
gated in inverted p-i-n configurations through fullerene passi-
vation. As shown in Table S2 (ESIt), significant progress has
been made in the PCE of PSCs and perovskite-silicon tandem
solar cells (TSCs), with TSCs reaching efficiency levels as high
as 33.9%. This substantial improvement underscores the
ongoing advancements in material design, interface engineer-
ing, and manufacturing processes, all of which are critical for
enhancing the commercial viability of solar cell technologies.

In the rapidly evolving landscape of photovoltaic technolo-
gies, metal-halide perovskites have emerged as a focal point of
research due to their direct bandgap crystalline nature, which
imparts an absorption coefficient surpassing that of silicon by
over an order of magnitude. This intrinsic property allows the
use of a thin perovskite layer to achieve optimal light absorption,
significantly enhancing the Voc.*>** Beyond their intrinsic opti-
cal properties, the versatility of perovskites is further highlighted
by the tunability of their bandgap, which can be adjusted
between 1.2 eV and 3 eV depending on chemical composition
or crystal dimension alterations (Fig. 2a). Notably, perovskites
calibrated to a bandgap of approximately 1.7 eV demonstrate
exceptional potential for tandem integration with silicon.** The
performance of PSCs hinges on the properties of the perovskite
layer, especially its crystallinity. High-crystallinity films are vital
as they enable superior charge transport, enhance carrier mobi-
lity, reduce series resistance, and fine-tune the FF and photo-
current. The architecture and thickness of the perovskite layer are
equally critical. While a uniform layer ensures consistent light
absorption, precise control over its thickness is required to
balance light capture and charge extraction effectively.”> How-
ever, further optimization of PSCs faces significant challenges,
such as achieving a seamless interface between the perovskite
and CTLs to maximize charge extraction and minimize recombi-
nation losses.

Electron transport layers (ETLs) are critical components in
the architecture of PSCs, profoundly affecting device perfor-
mance. Among ETLs, prevalent choices encompass TiO,, SnO,,
ZnO, Zn,Sn0,, BaSnO;, fullerene (Cep), and phenyl-Ce;-butyric
acid methyl ester (PCBM).?® The primary function of the ETLs is
to prevent hole migration towards the cathode and accelerate
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Fig.1 Device configurations and progression of device efficiency. (a) PSCs with mesoporous n—i-p, planar n—i—p and inverted planar p-i-n
configurations. (b) Perovskite—silicon tandem solar cells (TSCs) with n—i—p and inverted p—i—n architectures. (c) Major advancements in the PCEs of

PSCs and TSCs.

the efficient transfer of electrons to the anode. Thus, ETLs with
low electron affinity are preferred, as they facilitate electron
reception and transport, create favorable band offsets, and
facilitate efficient carrier collection.®” Interestingly, while PSCs
can operate without ETLs,*®**! potentially lowering production
costs, this typically compromises the efficiency and stability of
the devices. In the domain of PSC research, hole transport
layers (HTLs) are equally indispensable, with materials such
as NiO,, Cu,O, CuSCN, 2,2,7,7'-tetrakis-(N,N-di-p-methoxy-
phenylamine)-9,9’-spirobifluorene (spiro-OMeTAD), polytriary-
lamine (PTAA), poly(3,4-ethylenedioxythiophene)-poly(styrene-
sulfonate) (PEDOT:PSS), and poly(3-hexylthiophene-2,5-diyl)
(P3HT) being integral to PSCs.*”> These materials are crucial
for efficiently extracting and transporting holes from the per-
ovskite active layer to the anode. The effectiveness of this
process is significantly enhanced when HTLs exhibit a high
hole mobility and appropriate energy level alignment with the
perovskite layer.** Additionally, HTL-free architectures have
also been explored, revealing superior photovoltaic perfor-
mance compared to ETL-free designs due to the formation of
a beneficial depletion region between the perovskite and ETL,

512 | Energy Environ. Sci., 2025, 18, 509-544

which promotes efficient charge separation and reduces recom-

bination losses.** ¢

2.2 Charge dynamics in PSCs

Understanding the intricate mechanisms governing the opera-
tion of PSCs is pivotal for harnessing their full potential. Central
to their operation is the process of charge dynamics, encom-
passing charge extraction, transport, and recombination. Upon
illumination, the perovskite active layer absorbs photons, gen-
erating electron-hole pairs, termed excitons. These excitons
diffuse, and due to the inherently low exciton binding energy
of perovskite materials, readily dissociate into free electrons and
holes. Propelled by the built-in electric field, electrons migrate
toward the perovskite/ETL interface, and subsequently enter the
lowest unoccupied molecular orbital (LUMO) of the ETLs."
Simultaneously, holes ascend to the highest occupied molecular
orbital (HOMO) of the HTL. These mobilized electrons are
collected at the front electrode and flow through the external
circuit, generating electrical energy. According to the principle
of charge conservation, an equivalent number of electrons
return via the external circuit to the back electrode, diffuse to

This journal is © The Royal Society of Chemistry 2025
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interfaces; CB denotes the conduction band and VB represents the valence band.

the perovskite/HTL interface, and recombine with holes, com-
pleting the carrier transport cycle and sustaining the device’s
operation. As illustrated in Fig. 2b, interfaces ® and @ manage
electron transfer, facilitating electron movement from the per-
ovskite’s conduction band to the ETL’s LUMO and onward to
the cathode. Conversely, interfaces ® and @ handle hole trans-
fer, guiding holes from the perovskite’s valence band to the
HTL’s HOMO, culminating in their transfer to the anode.

The efficiency of PSCs hinges primarily on the charge
extraction process, which is intricately linked to the precise
energy level alignment at the interfaces. This alignment dic-
tates the carrier transport from the valence and conduction
bands of the perovskite to the CTLs.*®* Moreover, for efficient
charge transport between the CTLs and their respective electrodes,
the energy level alignment of CTLs must also resonate with both
electrodes’ work functions.”**° As a result, carefully designing and
fine-tuning energy levels at these interfaces are crucial for achiev-
ing high-performance PSCs. Diving deeper into organic-inorganic
hybrid perovskites, FAPbI; boasts the narrowest bandgap (E; ~
1.48 eV), while CsPbl;, among inorganic perovskites, has a band-
gap of approximately 1.73 eV. Striking a balance between an ideal
bandgap and stability in pure perovskites poses a formidable
challenge. Consequently, modulating the halide composition in
pure perovskites has become a prevalent strategy to optimize the
energy level alignment at the interfaces. It is worth noting that
when different functional layers are integrated during device
assembly, the standard vacuum level configuration might no

This journal is © The Royal Society of Chemistry 2025

longer apply. Various factors, including material properties, inter-
layer interactions, and dipole formation, can redefine the energy
level alignment. Addressing the nuances of perovskite materials
and CTLs involves two primary aspects: (1) minimizing defect ions,
which can distort interfacial energy levels; and (2) developing more
robust CTLs to mitigate photo-induced shifts at the CTL/perovskite
interface, prevent photo-induced degradation of the perovskite
layer, and bolster light absorption in the active layer.

Beyond energy level considerations, charge recombination is
influenced by bulk and interface defects, charge mobility, and
the diffusion length of charges within both the perovskite and
CTLs. The lattice structure of the perovskite absorber, coupled
with the varied lattice constants across the functional layers in
PSCs, inevitably leads to defects and potential barriers at the
interfaces. These imperfections can lead to charge accumulation
and subsequent recombination. This defect density plays a
pivotal role in determining the charge carrier diffusion lengths.
For instance, perovskite single crystals with minimal trap den-
sities (approximately 10°~10'® cm™>) have been shown to possess
diffusion lengths exceeding 100 pm. In contrast, polycrystalline
thin films, with trap densities ranging between 10'® and
10" em 3, typically exhibit diffusion lengths less than 10 pm.>*>?
As is known, the gap between theoretical and practical PCE in
PSCs is mainly ascribed to charge collection losses, electrical
losses, non-radiative recombination losses, and interface recombi-
nation losses.>>™> While the first two are contingent on the
specific device designs, the latter two, particularly non-radiative
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recombination, are perceived as the primary culprits for effi-
ciency losses in PSCs (as depicted in Fig. 2c). The subsequent
sections will present a more in-depth exploration of this topic.

3. Non-radiative recombination in
PSCs
3.1 Defect-assisted recombination

Defects within the grain structure, at grain boundaries, and at
interfaces of PSCs are widely recognized as the primary sources

View Article Online
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for non-radiative recombination losses, which significantly
affect device efficiency. These defects emerge predominantly
due to the volatilization of organic constituents during the
annealing process.>® Under open-circuit conditions, the role of
these defects in mediating carrier recombination becomes
paramount, directly influencing the efficiency of PSCs.>” Intrin-
sically, these defects can either augment charge transport by
increasing the population of free carriers via doping mechan-
isms or impede charge transport by functioning as carrier traps
or scattering centers.’® A comprehensive classification of these
defects, as delineated in Fig. 3a and b, includes intrinsic point
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defects, metallic impurity sites, two-dimensional (2D)
extended defects, notably grain boundaries and surface irregu-
larities, and three-dimensional (3D) conglomerate defects,®*
exemplified by lead clusters. From an energy perspective, these
defects are bifurcated into shallow and deep defects. Shallow
defects reside near the band edges, whereas deep defects are
positioned at intermediary energy states within the bandgap.®’

Taking FAPbI; as an example, deep defects, such as Igs, Pby,
Pbg,, and Pb;, which possess elevated formation energies (Fig. 3c-¢),
are identified as the primary sources of trap states.®® In contrast,
shallow defects, which have lower formation energies, exert a
minimal influence on Vo¢ and non-radiative decay processes.®®
However, it is noteworthy that even shallow defects, when
present in high densities, can induce detrimental effects,
manifesting as hysteresis, phase segregation, and material
degradation.®® Grain boundaries, characterized by their heigh-
tened defect density and accelerated non-radiative decay rates,”®
negatively impact device performance by curtailing carrier
diffusion and introducing sites conducive to non-radiative
recombination.” Three-dimensional (3D) defects predomi-
nantly encompass structural anomalies within perovskite films,
such as pinholes, fissures, and precipitates. Most of these are
deep defects and require careful mitigation. Additionally, 3D
defects compromise the interface between the perovskite absor-
ber and the CTLs, increasing series resistance and consequently
reducing both Jsc and FF.”?

3.2 Interface-mediated recombination

Non-radiative recombination losses at the interfaces between the
perovskite absorber and CTLs are critical factors affecting the
performance of PSCs. Several mechanisms underpin interface-
mediated recombination, including charge-carrier back transfer,”
surface/interface defects,”*”> energy level mismatch,”®”® and field-
effect recombination caused by surface potential inhomogeneity.””*°
One prominent issue is the conduction band offset,* which induces
the reverse flow of electrons from CTLs back to the perovskite
absorbers, resulting in charge-carrier back-transfer recombina-
tion events. This offset at the interface is also implicated in the
hysteresis observed in J-V curves.?” Interfacial anomalies, such
as unregulated intermediate phase formations, especially pre-
valent in all-inorganic perovskite films, compromise the inter-
facial integrity. Often, these irregularities result in the formation
of dangling bonds at the interface, introducing electronic states
within the bandgap.®’ To mitigate this issue, it is imperative to
shift these electronic states outside the bandgap by forming new
molecular orbitals at the interface.

Beyond the superficial anomalies of perovskites, achieving
an optimal energy level alignment for efficient selective con-
tacts remains a paramount challenge. Nonetheless, the ramifi-
cations of energy level alignment for PSC performance are a
topic of ongoing debate, with the consensus leaning towards
the notion that curtailing non-radiative recombination through
charge-blocking at the interface is of more significant conse-
quence than achieving pristine energy level alignment in the
past.®**®> However, recent research has indicated that energy
level mismatch can significantly contribute to non-radiative

This journal is © The Royal Society of Chemistry 2025
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recombination losses in PSCs,*® underscoring the need for
proper energy alignment to minimize recombination losses.
Ideally, the heterointerface should manifest a pronounced
Schottky barrier, adept at the selective extraction of majority
carriers while concurrently impeding the transit of minority
carriers. Therefore, developing strategies to ensure precise
energy level alignment and reduce interface defects is crucial
for advancing the performance and stability of PSCs.

3.3 Other non-radiative recombination

In contrast to defect-assisted and interface-mediated recombination
losses, Auger recombination and band-tail recombination are less
important and not universal across all types of PSCs. Auger recom-
bination is a thermal dissipation process in which the excess energy
from the electron-hole recombination is transferred to electrons or
holes, exciting them to higher energy states within the same band
rather than emitting photons.*” It has been demonstrated that
Auger recombination becomes dominant (Fig. 4a) when the
carrier concentrations in perovskite absorbers exceed 10"” cm>.%
However, under AM 1.5G illumination (carrier concentrations
<10" cm?), the effect of Auger recombination on PSC perfor-
mance is negligible.””* Band-tail recombination involves charge-
carrier relaxation from the energy-band edges into the band-tail
states by emitting photons. When the photon energy decreases to
below the bandgap, an exponential decrease known as the Urbach
tail appears due to band tailing in the valence and conduction
bands,” as shown in Fig. 4b. The band-tail region can be clearly
observed in the external quantum efficiency (EQE) spectrum
(Fig. 4c-e). The band-tail states have been attributed to various
types of lattice disorder in the perovskite,” ™ contributing to the
Voc losses. These states, often classified as shallow trap states, can
be mitigated by enhancing the crystallinity of the perovskite and
reducing the degree of energetic disorder.”**

3.4 Non-radiative recombination on PSC efficiency and
stability

To date, state-of-the-art PSCs have struggled to achieve the
theoretical PCE limits predicted by the SQ model. This limita-
tion is primarily attributed to non-radiative recombination
losses, which substantially reduce Vo and FF.°*°7 V¢ can also
be expressed by the relation™*

_ yAad on-rad
Voc = Voc — AVoe

where V&S is the open-circuit voltage in the radiative limit where
all recombination is radiative and AVA2™ is the loss in Vi due
to non-radiative recombination. Recently, a many-diode model was
applied to quantify the non-radiative voltage losses,”® as shown in
Fig. 5a-c. In addition to V¢, non-radiative recombination also has
a pronounced effect on the FF of PSC devices. The maximum FF

(FFmax) can be calculated using the equation®

voc — In(voc + 0.72)

FFmax =
voc + 1

where voc is proportional to Voc. Within the framework of SQ
theory, Vo is often equated with the quasi-Fermi level splitting
(QFLS). However, in suboptimal PSCs, a discrepancy exists
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curve illustrates an ideal PLQY evolution trend for the optimal perovskite emitter. This figure has been reproduced from ref. 88 with permission from
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efficiency (EQE) spectra of PSCs without passivation and with two different

passivation strategies. This figure has been reproduced from ref. 90 with

permission from Wiley, Copyright 2024. (d) Semilogarithmic plot of the sensitive EQE response spaced 0.35 eV from the bandgap for various bandgaps

without passivation and with two different passivation strategies. This figure

has been reproduced from ref. 90 with permission from Wiley, Copyright

2024. (e) The voltage loss as a function of the EQE response spaced 0.35 eV from the bandgap for all PSCs with and without passivation. This figure has

been reproduced from ref. 90 with permission from Wiley, Copyright 2024.

between the external Vo and the intrinsic QFLS (Fig. 5d and
e),"°>*°" named AQFLS:’®

AQFLS = —%T x In(PLQY)

where k is Boltzmann’s constant, T is the temperature, g is the
elemental charge and PLQY is the photoluminescence quan-
tum yield. The PLQY value can be expressed in terms of the
radiative (R;,q) and non-radiative (Ryon-raq) recombination rates:

Rrad

PLQY =——""——
Q Rrad + Rnon-rad

516 | Energy Environ. Sci., 2025, 18, 509-544

Hence, this discrepancy is primarily due to non-radiative recom-
bination losses, which curtail the QFLS, thereby reducing Voc.

For planar p-i-n structured PSCs, the non-radiative energy
losses of devices with different interlayers have been system-
atically investigated,® as shown in Fig. 5f. The analysis revealed
that these devices suffer from a QFLS-Voc mismatch of almost
100 meV (Fig. 5g). Notably, wide bandgap perovskites with an E,
exceeding 1.7 eV, pivotal for perovskite/silicon tandem solar
cell applications, exhibit pronounced Vo deficits. These losses
were primarily ascribed to imperfections within the perovskite
material and at the perovskite/CTL interface rather than to
halide segregation.'®® Non-radiative recombination mediated
by these imperfections was pinpointed as the predominant

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Assessment of the nonradiative voltage losses in the perovskites. (a) Disentanglement of voltage losses in PSCs. This figure has been reproduced
from ref. 98 with permission from Springer Nature, Copyright 2024. (b) Semilogarithmic plot of the sensitive EQE spectrum of solar cell without (dark
blue) and with choline chloride passivation (yellow). This figure has been reproduced from ref. 98 with permission from Springer Nature, Copyright 2024.
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several PSCs. This figure has been reproduced from ref. 98 with permission from Springer Nature, Copyright 2024. (d) and (e) Schematic diagrams illustrating the
relationship between the internal QFLS and external Vo for PSCs with bandgaps of 1.6 eV (d) and 1.8 eV (e). These figures have been reproduced from ref. 99 with
permission from Springer Nature, Copyright 2023. (f) Non-radiative recombination losses relative to the radiative thermodynamic limit of the perovskite absorber.
This figure has been reproduced from ref. 99 with permission from Springer Nature, Copyright 2023. (g) Comparison of QFLS-Vo¢ in full devices. This figure has
been reproduced from ref. 99 with permission from Springer Nature, Copyright 2023.

channel for V¢ losses. Further studies discerned that the non-
radiative recombination losses in wide bandgap perovskites
predominantly occur at the interface with the HTL.'> In con-
trast, for p-i-n structured triple-cation perovskite cells (with an
E, of approximately 1.6 eV), non-radiative recombination
typically occurs at the interface with the ETL.'®™ Hence, a
nuanced understanding of the non-radiative recombination
mechanisms in PSCs is essential for further advancing the
device efficiency.

A high density of non-radiative recombination centers
exacerbates the degradation susceptibility of the PSCs.'** Even

This journal is © The Royal Society of Chemistry 2025

under a vacuum or nitrogen atmosphere, the degradation of
MAFA-based PSCs has been observed due to the migration of
excess Pbl, phases to the perovskite/HTL interface.'®® For Sn-based
PSCs, the oxygen-induced degradation leads to the formation of Snl,,
which quickly evolves into iodine, further oxidizing the perovskite to
more Snl,, establishing a cyclic degradation mechanism.'”” Addi-
tionally, recent studies have identified the formation of §-phases on
the (100) facet as non-radiative recombination centers in FAPbI; thin
films (Fig. 6a—c), which adversely affect the optoelectronic properties
and accelerate degradation.'”® In comparison to standard PSCs,
inverted structures typically manifest a reduced Voc, indicative of
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Fig. 6 Degradation mechanisms of the perovskite absorbers. (a) Schematic model of the (100) and (111) facets on a perovskite cubic crystal (top) and the
atomic arrangements on the (100) and (111) facets (down). This figure has been reproduced from ref. 108 with permission from AAAS, Copyright 2023. (b)
Confocal PL mapping of the as-prepared and degraded samples, with the inset legend indicating PL intensity. This figure has been reproduced from ref.
108 with permission from AAAS, Copyright 2023. (c) Current and height profiles extracted from the degraded (100) and (111) facets, respectively. This
figure has been reproduced from ref. 108 with permission from AAAS, Copyright 2023. (d) lonic losses under operational conditions. This figure has been
reproduced from ref. 109 with permission from Springer Nature, Copyright 2024. (e) A breakdown of the loss processes: mobile ion-induced Jsc and FF
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circuit conditions. This figure has been reproduced from ref. 109 with permission from Springer Nature, Copyright 2024.

heightened non-radiative recombination losses. In inverted PSCs, the case of commonly used triple-cation inverted PSCs, the role
defects have been found to detrimentally influence perfor- of ionic losses in intrinsic PSC degradation was revealed,'® as
mance, particularly under illumination or reverse bias condi- shown in Fig. 6d. It was found that the ionic losses in Jsc and FF
tions. The genesis of iodide interstitials at the interface has can be attributed to the field screening effect caused by the
been pinpointed as a primary factor for this degradation.®” In  movement of mobile ions (Fig. 6e and f).
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3.5 Non-radiative recombination on PSC hysteresis

Hysteresis in the j-V characteristics of PSCs, initially identified
in dye-sensitized, organic, and silicon solar cells,"**"> presents a
significant challenge in accurately measuring photovoltaic device
performance. The hysteresis leads to an underestimation of the real
J-V curve during the forward scan (from Jsc to Voc) and an
overestimation in the reverse scan (from Vo¢ to Jsc), thus skewing
the efficiency measurements."*® To correct this discrepancy, meth-
ods such as averaging forward and reverse scans or stabilizing the
device at its maximum power point (MPP) to achieve steady-state
output are commonly employed.”* The hysteresis phenomenon in
PSCs encompasses a spectrum of behaviors, including capacitive
hysteresis, noncapacitive hysteresis, normal hysteresis, and inverted
hysteresis. Capacitive hysteresis is predominantly observed in con-
ventional PSCs employing TiO, as CTLs, while noncapacitive hyster-
esis emerges across various architectures at sufficiently slow scan
™5 The emergence of inverted hysteresis, which results in
diminished performance during the reverse scan compared to the
forward scan, adds complexity to the PSC hysteresis behavior,'**™"'8
Consequently, scan parameters, such as scan speed, scan range,
scan direction, and pre-biasing, must be carefully considered, as
they directly influence the type and degree of hysteresis. A
thorough understanding of the factors contributing to hyster-
esis is imperative, and we will explore these determinants in the
following discussion.

In PSCs, hysteresis is closely associated with the device
architecture, the perovskite absorber, and the interface between
the perovskite and CTLs. The device configuration notably
influences the extent of hysteresis; planar n-i-p PSCs typically
exhibit more pronounced hysteresis compared to mesoporous
structures,''® whereas inverted p-i-n configurations generally
show milder hysteresis.'*® This behavior is primarily attributed
to the passivating effects of fullerene-based CTLs on the per-
ovskite surface, which penetrate the grain boundaries to
enhance electron extraction and transport, thereby reducing
hysteresis and stabilizing power output. The intrinsic character-
istics of the perovskite absorber, such as the ferroelectric
effect'" and ion migration,"** have also been linked to hyster-
esis in PSCs. The ferroelectric effect is often invoked to explain
charge carrier dynamics, including non-radiative recombination
and hysteresis. Ferroelectric domains within PSCs are thought
to enhance charge extraction and influence recombination
processes.”>" For example, in p-i-n structured devices, polariza-
tion effects during scanning can modify the built-in potential and
depletion region width, leading to altered charge separation and
performance.’*® The direction of the electric field poling can
either impair or improve device performance, depending on its
polarity. However, this poling effect is sensitive to temperature,'**
and its interplay with ion migration complicates the overall
understanding. Evidence suggests that while ferroelectric proper-
ties have been observed in MAPDI; films, ion migration is widely
regarded as the dominant contributor to the macroscopic photo-
current hysteresis observed in PSCs.'*® Ion migration, initially
proposed as an explanation for the field-switchable photovoltaic
effect and hysteresis,"**"*”

rates.

involves ions or vacancies moving

This journal is © The Royal Society of Chemistry 2025
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towards the electrodes under an electric field, potentially leading
to a reversed p-i—n structure post-poling. To deepen our compre-
hension of ion migration and its role in PSC hysteresis, we delve
into the nuances of mobile species, their migration pathways,
and their impact on charge extraction.

First-principles calculations of activation energies for ionic
vacancy migration reveal that halide anions and organic
cations, such as MA" or FA", possess lower diffusion barriers
than Pb*" vacancies."”® Notably, the migration of MA" or FA" is
linked to the observed slow response in PSCs."*® Halide ions have
been identified as the primary contributors to ion migration,
moving over distances of hundreds of micrometers near the surface
and within the bulk of the perovskites, with vertical migration of
lead ions also observed (Fig. 7a and b)."*° Ton migration occurs via
two concurrent pathways: slower diffusion within crystalline grains
and faster diffusion along grain boundaries,"*" where photogener-
ated carriers can become trapped, generating an internal field
within the perovskite layer (Fig. 7c and d). Moreover, ionic polariza-
tion also plays a crucial role during voltage scans, as the expansion
or charging of the space charge region changes with ionic polariza-
tion, effectively creating a variable capacitance during forward and
reverse bias scans.*>™* This capacitance stems from charge
accumulation within the perovskite films."*> Studies indicate that
hysteresis in PSCs manifests as sensitivity in the photogenerated
charge collection efficiency to the modified electric fields within the
devices."** "

Ion migration, facilitated by inherent defects within the
perovskite absorber, has been implicated as a primary contri-
butor to the hysteresis observed in the J-V characteristics of
PSCs (Fig. 7e-h). Nonetheless, this mechanism does not act in
isolation; the distribution of defects, especially at the perovs-
kite/CTL interface, also significantly influences hysteresis.
Research indicates that negatively charged defects near the
CTLs can modify the electronic states of the perovskite, imped-
ing efficient interface charge extraction."*® Moreover, the
impact of interface recombination on PSC performance has
been the focus of numerous studies.'*™"** This type of recom-
bination, exacerbated by defects that trap carriers at the inter-
face, is now recognized as a more critical factor than
recombination within the grains or along grain boundaries,
leading to faster carrier recombination and additional energy
losses. Defects and trap states at the perovskite/CTL interfaces
have been directly linked to the hysteresis phenomenon."*?
Furthermore, the latest research demonstrated that a negative
work function change, which is equivalently described as a
negative vacuum-level change at the heterointerface, can accu-
mulate charges in a potential well, lowering ion migration
activation energy to aggravate the PSC hysteresis."** The loca-
lized interface charges at the electron-selective contact can
modify the electric field, thereby influencing charge extraction
in PSCs. The interplay of these ionic interface charges, rather
than the ionic transport rate, determines the hysteresis time
scales in PSCs.'*® These insights underscore the necessity of
considering both the perovskite’s intrinsic properties and the
interface behaviors to fully comprehend the origin of PSC
hysteresis.
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Fig. 7 lon diffusion—stability—hysteresis mechanism in metal halide perovskites. (a) and (b) Secondary electron images of FAPbIs after laser illumination
for 5-60 min (a) and MAPbI3 after laser illumination for 10—-90 min (b). This figure has been reproduced from ref. 130 with permission from Springer
Nature, Copyright 2023. (c) GB diffusion as a function of temperature, halide type, and composition function. The inset shows the schematic of GB
diffusion. This figure has been reproduced from ref. 131 with permission from Springer Nature, Copyright 2023. (d) J-V curves of MAPblz and FACsl
perovskite devices under both forward and reverse voltage scans. The inset shows the hysteresis indexes extracted from the forward and reverse scans.
These figures have been reproduced from ref. 131 with permission from Springer Nature, Copyright 2023. (e) and (f) Schematics of halide diffusion along
GBs and the Dgp relationship with J-V hysteresis (e) and halide exchange (f) in an MHP system with a fast Dy and slow Dgg. (g) and (h) Schematic of halide
diffusion along GBs and the Dgp relationship with J-V hysteresis (g) and halide exchange (h) in an MHP system with a slow Dy and fast Dgg. These figures
have been reproduced from ref. 131 with permission from Springer Nature, Copyright 2023.
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4. Strategies to suppress non-radiative
recombination
4.1 Crystallization regulation

Achieving high-efficiency PSCs is contingent upon the quality of
perovskite films, where enhanced surface coverage and mini-
mized defect density are crucial for reducing non-radiative
recombination losses and bolstering device stability. Precise
control over the perovskite crystallization process is central to
attaining these qualities, encompassing nucleation, intermedi-
ate phase formation, and crystal growth. Recent advancements
have led to the development of diverse processing techniques
designed to fine-tune this process, such as anti-solvent
treatment,"*®'*®  gas-assisted spin-coating,"****' vacuum
flash-assisted solution processing,'*>™* solvent additive
engineering,"®*"*® and solvent annealing.">*'*° The fundamen-
tal principle underlying these methods is to induce rapid
nucleation, followed by controlled crystal growth.'®" Optimal
nucleation and growth dynamics involve quickly achieving
supersaturation in the perovskite precursor solutions to initiate
a high nucleation rate while concurrently moderating the crystal
growth rate. The following discussion delves into the strategies
that govern the nucleation-growth process of perovskite films.

Anti-solvent treatment is pivotal for synthesizing high-
quality perovskite films. Commonly utilized anti-solvents
include chlorobenzene (CB), trifluorotoluene (TFT), dichloro-
methane (DCM), chloroform (CF), toluene, etc. Considering
environmental impact, green anti-solvents such as ethyl acetate
(EA), methyl acetate (MA), diethyl ether (DE), diisopropyl ether
(DIE), dibutyl ether (DBE), and anisole'®**®* have also been
developed. Owing to better miscibility, higher boiling points
and dielectric constants, anti-solvents can quickly extract the
host solvents, such as dimethylsulfoxide (DMSO), N-methyl-2-
pyrrolidone (NMP), N,N-dimethylformamide (DMF), dimethyla-
cetamide (DMAC), and y-butyrolactone (GBL), thereby triggering
homogeneous nucleation.'®® Noteworthily, the anti-solvent drip-
ping process requires precise control to avoid induction of
heterogeneous nucleation, which can arise due to the creation
of oversaturation gradients in the precursor solution.'®® More-
over, the strong coordination between polar aprotic solvents
and perovskite precursors frequently results in intermediate
phase formation before the final film crystallization.'®” Anti-
solvents play a critical role in suppressing the growth of these
intermediate phases, particularly along the (020) plane, thus
averting the formation of needle-like perovskite structures
riddled with pinholes.'®® The polarity of the chosen anti-
solvent influences the purity of these intermediate phases,
which in turn determines the crystallinity and morphology of
the resulting perovskite films.

Solvent additive engineering has emerged as a potent strat-
egy to synthesize pure-phase perovskite films by adjusting
crystal growth dynamics and facilitating the formation of new
intermediate phases. For example, FAPbI; is favored as an
absorber material due to its optimal bandgap range of 1.45-
1.51 eV for single-junction photovoltaics.'®® However, its ten-
dency to transition from the desired black a-phase to the non-

This journal is © The Royal Society of Chemistry 2025
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photoactive yellow 3-phase under ambient conditions poses a
challenge. This issue can be addressed by adding I, into the
FAPDI; precursor solution containing methylammonium chloride
(MACI) additives, which suppresses the MA-FA side reaction and
promotes the formation of the o-FAPbI; phase.'”® To avoid the
additive volatilization during annealing, 4-guanidinobenzoic acid
hydrochloride (GBAC) has been used to modulate the crystal-
lization kinetics by forming tight packs at the grain
boundaries,'”* significantly reducing non-radiative recombination.
Despite these advancements, the thermal stability of «-FAPbI; with
MA" incorporation remains a concern. To enhance stability with-
out relying on MA', researchers have explored surface functiona-
lization with aromatic or aliphatic ammonium cations,"”*™”> as
well as compositional engineering with alternative cations like Rb"
and Cs"."”*'”® Notably, 3-fluoro-4-methoxy-4’,4"-bis((4-vinyl benzyl
ether) methyl) triphenylamine (FTPA)'®” or pentanamidine hydro-
chloride (PAD)"”® can be employed to restrain the intermediate
phases (Fig. 8a and b) and induce orientated crystallization of
o-FAPDI; (Fig. 8c and d). In addition, 1-ethyl-3-methylimidazolium
hydrogen sulfate (EMIMHSO,) has been predicted to prevent the
formation of 8-FAPbI; during crystallization.'®® Although these
approaches yield stable o-FAPbI; phases, the PCEs of the resulting
PSCs have not surpassed those of MA-based PSCs. A breakthrough
was achieved by adding DMACPA into the grain boundaries of FA-
based perovskites, achieving a certified PCE of 25.39%.'%' More
recently, incorporating alkylammonium chlorides (RACI) into the
precursors has effectively controlled the crystallization of the
o-FAPbI; phase."® The final o-FAPbI, films have high crystallinity,
preferred orientation, and superior surface morphology, enabling
a certified PCE of 25.73%.

Addressing the evaporation of residual solvents is crucial for
maintaining the balance between nucleation and crystal growth
rates in perovskite film formation. Excessive dimethyl sulfoxide
(DMSO) has been shown to form adducts with metal halides,
and upon evaporation of DMSO, this can promote undesirable
downward crystal growth'®® leading to the formation of pin-
holes at the buried interface, which adversely impacts PSC
performance.'®'®> To mitigate these issues, a novel close-
space annealing technique has been developed, precisely reg-
ulating the amounts of residual solvents in the intermediate-
phase perovskites.'®® In this method, the film is positioned
face-down towards an underlying cover, which decelerates the
DMSO evaporation, causing slower and more controlled crystal
growth. Applying this technique has led to improvements in
grain size, crystallinity, and carrier lifetime, thus enhancing the
efficiency of both narrow and wide bandgap perovskite absor-
bers in single-junction PSCs. Moreover, the aqueous synthesis
method has emerged as an effective solution to the residual
solvent evaporation challenge. Recently, the use of HI aqueous
solution as a solvent has been introduced to synthesize
o-FAPbI; perovskite films, free from the intermediate phase.'®”
The resulting PSCs demonstrate excellent charge transport proper-
ties, achieving a certified PCE of 25.3%.

Controlling the residual Pbl, content is of great importance,
as it can have positive or negative effects on the PSC perfor-
mance. A slight excess of Pbl, in the perovskite precursors can
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Fig. 8 Crystallization regulation of black-phase FAPbIs. (a) Molecular structure design of FTPA and a schematic diagram illustrating the possible phase evolution
of the nucleation and crystallization of FA-based mixed anion perovskites during the film-forming process with (w) or without (w/o) FTPA. This figure has been
reproduced from ref. 167 with permission from Springer Nature, Copyright 2023. (b) Cross-sectional SEM images showing the device architectures; ToF-SIMS
cross-section images presenting the elemental distribution of CioHioN™, F~, and Pblz™ signals in BS-FTPA. This figure has been reproduced from ref. 167 with
permission from Springer Nature, Copyright 2023. (c) Schematic illustration of the thermodynamic driving force and the kinetics of the oriented nucleation of
perovskite films, where E represents the change in energy and a.u. stands for arbitrary units. This figure has been reproduced from ref. 179 with permission from
Springer Nature, Copyright 2023. (d) In situ GIXRD measurements of perovskite films fabricated without PAD (top) and with PAD (bottom), where Ng denotes the
start of the nucleation, Ny denotes the nucleation stage, and G denotes the growth stage. The black—red color scale is the intensity in arbitrary units. This figure
has been reproduced from ref. 179 with permission from Springer Nature, Copyright 2023. (e) The evolution of the azimuth angle during the nucleation stage of
perovskite films without PAD (top) and with PAD (bottom). This figure has been reproduced from ref. 179 with permission from Springer Nature, Copyright 2023.
(f) In situ XRD measurements of perovskite films, showing that the control sample contains a mixture of intermediate phases during the annealing process. This
figure has been reproduced from ref. 179 with permission from Springer Nature, Copyright 2023.
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prevent the formation of organic-rich surfaces, thus reducing
defect states and enhancing carrier extraction.'®® However, the
excess Pbl, is prone to decompose into Pb® by releasing I,
(Fig. 9a) due to its photolysis nature.”® These species generate
non-radiative recombination centers and accelerate ion migra-
tion, resulting in the degradation and hysteresis of the
PSCs.'%7°! Furthermore, the excess Pbl, at the buried interface
(Fig. 9b) leads to the mismatched interfacial energy levels, further
hindering charge transfer and increasing Vo loss."®> To counter-
act these detrimental effects, 1-butyl-1-methylpiperidinium

Back electrode

View Article Online
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tetrafluoroborate ([BMP]'[BF4]) has been employed to reduce
residual Pbl, levels, thereby preventing the growth of impurity
phases and the formation of pinholes.'”® Additionally, RbCl
doping has been utilized to convert excess Pbl, into the more
stable compound (Pbl,),RbCL."** This stabilization approach has
yielded PSCs with enhanced thermal stability and a certified PCE
of 25.6%, free from hysteresis. To further eliminate unstable
residual Pbl, at the buried interface of the PSCs, a pre-embedded
mixed A-cation halide strategy was adapted to balance the lattice
strain in the FAPbI; perovskites,'®> which suppresses the
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Fig. 9 Elimination of residual Pbl; at the buried interface. (a) Schematic of the PSCs illuminated by light with different wavelengths. This figure has been
reproduced from ref. 195 with permission from Royal Society of Chemistry, Copyright 2023. (b) Lift-off process used to characterize the bottom interface
of pristine and pre-embedded A-cation halide-based samples. This figure has been reproduced from ref. 195 with permission from Royal Society of
Chemistry, Copyright 2023. (c) SEM images of the top and bottom interfaces of the pristine perovskite films and the perovskite films with different pre-
embedded A-cation halide concentrations. This figure has been reproduced from ref. 195 with permission from Royal Society of Chemistry, Copyright
2023. (d) Long-term stability performance of the encapsulated PSCs with the continuous maximum power point tracking under one sun illumination. This
figure has been reproduced from ref. 195 with permission from Royal Society of Chemistry, Copyright 2023.
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detrimental o to & phase transition and improves the device
stability (Fig. 9c and d).

4.2 Defect passivation

Defect passivation strategies are critical for enhancing the PCE
of PSCs by reducing non-radiative recombination losses and
improving steady-state device stability. A variety of materials,
including organic molecules, polymers, and organic and inor-
ganic salts (Fig. 10-13), have been employed to passivate
defects in PSCs.®* Among these, Lewis base molecules are
particularly promising due to their ability to form coordination

View Article Online
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bonds with uncoordinated metal cations, which are prevalent at
grain boundaries and interfaces, thus facilitating more efficient
charge transport.’®®%® Nitrogen (N)-containing Lewis base
molecules have shown substantial passivation effects.'®92%%
These molecules interact with surface cations or the Pb-I lattice,
effectively passivating the non-radiative trapping centers in the
perovskite layer.>® Conjugated molecules, in particular, have
been shown to chemically passivate a broad range of defect
states, spanning shallow to deep levels.”’° However, achieving
complete defect site coverage remains challenging, as passiva-
tion agents may not fully penetrate all defective regions.*''
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Fig. 10 Molecular structures and electrostatic potential maps of representative passivators. The passivators shown include PEA, PA, CF3-PA, BZS, BZS-
4CH3, BZS-4Cl, B(CE)ACL, CEACL, TFPhFA, DPPA, OBBA, TNPD, 9CN-PMI, EHA, TPA-CAA, TPA-AA, phytic acid, and phytate dipotassium.
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Fig. 11 Molecular structures and electrostatic potential maps of representative passivators. The passivators shown include LisPO4, NazPO,4, KzPO,,
RbzPO,4, CszPO,4, TMAsPO,, AD, ADCA, ADAA, NBDV, BSA, AEBS, DFE, TFE, TFA, DBDMB, pseudo-halide anions, SID, 40H-NMI, and 2,4-TDI.

Furthermore, non-radiative recombination at the buried bottom
perovskite/CTL interface, particularly in Pb-Sn mixed PSCs,
continues to be a limiting factor.’” To address this issue,
sodium 2-cyanoacetate (SZC) was used at the perovskite/SnO,
interface to simultaneously achieve in situ passivation of inter-
facial defects and bottom-up crystallization modulation.***7**
This approach effectively reduces non-radiative recombination
losses and promotes more efficient charge extraction.

To address the incomplete coverage of defect sites in per-
ovskite films, ammonium cations have been introduced to
enhance surface passivation (Fig. 14a). Notably, CF;-PA has
been found to interact more effectively with the perovskite

This journal is © The Royal Society of Chemistry 2025

surface than two other passivators (Fig. 14b), leading to
increased carrier diffusion lengths and improved efficiency in
Pb-Sn PSCs.>"® Furthermore, butylammonium (BA), octylam-
monium (OA), and symmetrical bis(2-chloroethyl)Jammonium
(B(CE)A") have been shown to produce a homogeneous surface
potential, which promotes hole carrier extraction and reduces
non-radiative recombination.>'®*!” Recently, it was reported
that treatment with hexylammonium bromide (HABr) can lead
to the simultaneous formation of an iodide-rich 2D layer along
with a Br halide gradient that extends from defective surfaces
and grain boundaries into the bulk 3D layer, extending the
charge carrier lifetime and reducing interfacial recombination
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velocities.”® Moreover, printable mesoscopic PSCs designed
with mesoporous layers of semiconducting TiO,, insulating
ZrO,, and conducting carbon infiltrated with perovskite
(Fig. 14c and d) showed reduced non-radiative recombination
losses when ammonium phosphate was used to modify the bulk
TiO,/perovskite interface. As a result, the charge transport life-
time was shortened, and the charge recombination lifetime was
extended (Fig. 14e and f), indicating enhanced charge transfer
and suppressed charge recombination in the device.””

Sulfur (S)-containing Lewis base molecules, such as 1-
butanethiol, have also been anchored onto the perovskite
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surface to extend carrier diffusion lengths and further suppress
phase segregation.”"® Similarly, the functional groups of 2,5
thiophenedicarboxylic acid (TDCA) can bind to the perovskite sur-
face via coordination and hydrogen bonding, reducing halide
vacancy defects and suppressing interface recombination.*****!
Another effective Lewis base additive, dibutyl sulfoxide, has been
demonstrated to improve perovskite crystallinity, reduce defect
density, and release internal residual stress in the bulk.”* Phos-
phorus (P)-containing Lewis base molecules, like 1,3-bis(diphenyl-
phosphino)propane (DPPP), possess two phosphorus atoms with
sp® hybridization in tetrahedral coordination, forming the P-Pb
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Fig. 12 Molecular structures and electrostatic potential maps of representative passivators. The passivators shown include aniline, aniline-NO, aniline-
OCHj3, T6TE, 2-FNA, PBG, TEA, valinomycin, OETC, PVDF, MeEA|, IDIC, EMIMHSO,, AC-1, AC-3, and PMI-F-PMI.
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bond with Pbl,,*** significantly suppressing non-radiative recombi-
nation at interfaces and grain boundaries. Ethane-1,2-diylbis-
(diphenylphosphine oxide) (DPPO) also coordinates with Pbl,, but
the strong binding of the DPPO molecule to Pbl, is through the O
atom in the P=0 bond.***

In addition to Lewis base molecules, the functionalization of
organic molecule passivation has garnered significant attention
due to the coexistence of multiple defect types in perovskites.

This journal is © The Royal Society of Chemistry 2025

For instance, p-4-tert-butylphenylalanine (DATBP), containing
carboxyl, amine, and aromatic functional groups, is designed to
heal charged defects, neutral iodine-related defects, and grain
boundary defects.>*® Combinations of EDA and acetylacetone
(ACAC) have been selected to regulate the energy level, reduce
defect density, and increase grain size.””® Furthermore, ethyl
2-(2-aminothiazole-4-yl)-2-hydroxyiminoacetate (EHA) with
multi-coordination sites is incorporated into the Pbl, precursor
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Fig. 14 Ammonium cations for defect passivation of the PSCs. (a) Ab initio molecular dynamics snapshots and top views of the CFz-PA, PA and PEA
adsorbed perovskite surfaces at a temperature of 400 K. This figure has been reproduced from ref. 215 with permission from Springer Nature, Copyright
2022. (b) Schematic diagram of the interaction of the ammonium cations with the acceptor-like defects. This figure has been reproduced from ref. 215
with permission from Springer Nature, Copyright 2022. (c) Schematics of the fully wet-processed fabrication process of p-MPSCs and the charge
separation process in the printed triple-layer mesoscopic structure. This figure has been reproduced from ref. 57 with permission from AAAS, Copyright
2024. (d) Cross-sectional SEM image of a p-MPSC. This figure has been reproduced from ref. 57 with permission from AAAS, Copyright 2024. (e) and (f)
Transient photocurrent (e) and transient photovoltage (f) curves for the control and target p-MPSC. These figures have been reproduced from ref. 57 with

permission from AAAS, Copyright 2024.

solution to control crystal growth and passivate defects, con-
necting grains and filling grain boundaries via a multidimen-
sional coordination effect.*?” The amidine group of trifluoro-
acetamidine (TFA) also strongly chelates onto the perovskite
surface to suppress the iodide vacancy, strengthened by addi-
tional hydrogen bonds.**® More recently, bifunctional pseudo-
halide anions, such as sodium thioglycolate,>** amylamine
hydroiodide (AAI), and 3-(methylthio)propylamine hydroiodide
(3MTPAI),>*° have been employed to passivate both positively
charged and negatively charged defects on the perovskite sur-
face or interface, effectively reducing non-radiative recombina-
tion losses.

Another efficient class of defect passivators is polymers,
which are widely used to reduce the risk of producing unwanted

528 | Energy Environ. Sci., 2025, 18, 509-544

defects. For instance, an n-type polymeric small molecule, PY-
IT, was utilized to passivate defects and facilitate electron
transfer. Due to its strong planarity and rotatable linkers, this
polymer can effectively optimize perovskite grain growth orien-
tation and charge transport channels.”*»***> To cap significant
grain boundaries, linear polymers are also reported.”**7%*
These linear polymers increase the growth activation energy,
enable slow crystal growth, and provide efficient defect passiva-
tion, which reduces non-radiative recombination. However,
these polymers can interact intensely with Pbl,, leading to their
precipitation in the precursor solution. Therefore, a cross-
linking strategy was developed to passivate the surface and
grain boundary of the perovskites (Fig. 15a and b) or the
interface of 2D/3D heterostructures (Fig. 15c). The cross-linked

This journal is © The Royal Society of Chemistry 2025
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highlighted regions 3 and 4. This figure has been reproduced from ref. 237 with permission from Elsevier, Copyright 2023. (f) EDS elemental line scan
profiles for the red line shown in Fig. 3e. This figure has been reproduced from ref. 237 with permission from Elsevier, Copyright 2023.

polymer layer not only largely inhibits ion diffusion between the
stacked perovskite layers but also effectively stabilizes the phase
states of the 3D and 2D perovskites under thermal stress.>*®
Additionally, in situ crosslinking of bis((3-methyloxetan-3-yl})-
methyl)thiophene-2,5-dicarboxylate (OETC), which accumulates

This journal is © The Royal Society of Chemistry 2025

at the grain boundaries (Fig. 15d-f), has been explored to release
mechanical stress, making it ideal for flexible PSC appli-
cations.”®” Other materials such as acrylamide monomers,**®
poly(propylene carbonate) (PPC),**° PPP polymer,**® PECL

polymer*** and Rb-functionalized PAA polymer*** have also
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been predicted to enable the cross-linking of perovskite grains,
thus inhibiting non-radiative recombination losses. Due to the
strong interaction between C=O bonds and Pb**, the non-
radiative recombination is suppressed effectively, improving
the PSC performance.

Inorganic compounds offer stronger chemical bonds and
greater stability than organic molecules. A CS, vapor-assisted
passivation strategy has been proposed to manage surface defects
and regulate interfacial energy alignment. Through in situ reaction,
the uncoordinated Pb** and unanchored 1" on the perovskite
surface were passivated by the CS,, impeding the degradation and
reducing trap-state density at the grain boundaries and
interfaces.>®® The role of inorganic compounds as extrinsic
dopants or passivators significantly impacts the PSC performance.
Extrinsic doping typically leads to lattice microstrain side effects,
especially when involving cations of inappropriate sizes. To over-
come this, cadmium acetate (CdAc,) was introduced into the
perovskite precursor solution, where Cd** incorporates into the
Pbl, lattice to substitute Pb**, while Ac~ binds at the surfaces of
Pbl, to replace I, contributing to an increase in the distance
between the Pbl, layers.>** Recently, A-B mixed doping has
emerged as a synergistic strategy to stabilize a-FAPbI;. Compared
to the Cs-doped counterpart, Cs-Eu-doped FAPbI; exhibits higher
optoelectronic characteristics and better phase stability.>*>>*¢
Potassium formate can also reduce the defect density within the
perovskite film by modulating perovskite growth and passivating
electronic defects, significantly prolonging the carrier lifetime and
reducing the J-V hysteresis.”*’ In addition, the neodymium cation
(Nd*") has recently been employed to mitigate the ion migration in
the perovskite lattice, showing enhanced performance compared
to monovalent cation dopants.>*® These interstitial cations strongly
interact with the charged defects,”*® beneficially mitigating defect
trapping and restricting ion migration.

4.3 Contact interface engineering

To mitigate the detrimental effects of non-radiative recombina-
tion at the interfaces, several optimization strategies have been
explored, such as doping, passivation interlayers, graded junc-
tions, and interfacial dipole engineering. The essence of contact
interface engineering is to achieve proficient charge extraction
coupled with a significant reduction in non-radiative recombina-
tion. Within the framework of p-i-n PSCs, introducing a
selenophene-based n-type spacer onto PCBM ETLs has signifi-
cantly reduced interfacial charge recombination losses.>*® Con-
currently, a concerted focus has shifted to doping HTLs with p-
type materials for improving hole transport.>*" These p-type
dopants elevate the Fermi level, facilitating an optimal energy
level alignment at the perovskite/HTL interface and enhancing
the HTLs’ conductivity, thereby improving the FF. However, in p-
i-n PSCs, excessive doping concentration in PEDOT:PSS has been
identified as a contributor to pronounced recombination losses
at the interface. To address this, a strategic dedoping of PED-
OT:PSS with aqueous NaOH has refined the HTLs, optimizing
them for enhanced hole extraction and diminished interfacial
charge carrier recombination.>®” This intricate interplay of inter-
facial chemistry and engineering underscores the necessity for
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precision in PSC design, aiming to propel PSC performance to
new heights.

For n-i-p PSCs, the strategic incorporation of chloride ions
into CTLs has proven particularly productive.>*">*” This strat-
egy finely adjusts the energy level alignment and effectively
passivates defects, substantially bolstering electron extraction
and curbing interfacial charge recombination. To modify the
TiO, surface and interface, ammonium sulfamate with desired
NH," and S=0 functional groups was designed to improve the
PCE of PSCs.>*® For spiro-OMeTAD HTLs, introducing additives
like polyoxyethylene with 2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(PPO-TEMPO),"** 1-dodecanethiol (DDT),**® or 2,7-bis(bis(4-
methoxyphenyl)amino)-9H-fluoren-9-one (TPA-0)**° at the per-
ovskite/HTL interface prevented ion diffusion and facilitated
carrier transport. Moreover, the performance enhancement of
inverted PSCs using NiO, HTLs has been limited by impurity
ions (such as NO;3; ™). Incorporating the ionic liquid (IL) 1-butyl-
3-methylimidazolium tetrafluoroborate ([BMIm|BF,) into the
Ni(NOj3), precursor before its reaction with NaOH improves
the performance of NiO,-IL-based devices by increasing Voc,
which is attributed to reduced interfacial recombination and
better energy level alignment.”®" Lead chelation molecules,
which strongly interact with Pb>" ions, were added into PTAA
HTLs (Fig. 16a), resulting in a reduced amorphous region in
perovskites near HTLs, resulting in a passivated perovskite
bottom surface.”*

Inserting a passivation interlayer between the perovskite and
CTLs has become an important strategy for suppressing non-
radiative recombination losses in the PSCs. To reduce non-
radiative recombination at the perovskite/Cs, interface (Fig. 16b),
passivators like ortho-carborane,**® 2-thiopheneethylammonium
chloride (TEACI),>*® and A-D-A type perylene monoimide (PMI)
derivatives®®® were designed to attenuate the interface energy loss
and enhance the interfacial stability. Moreover, another report
reported that AlO, interlayers could be incorporated between the
perovskite and Cgo ETL via the atomic layer deposition method.
Such interlayers can modify energy levels and suppress the gen-
eration of metallic Pb°, improving the efficiency and stability of
PSCs.””” However, the challenges with the passivating interlayer
strategy include a trade-off between Voc and FF, as well as
difficulties in uniformly covering a rough large-area surface with
an ultrathin passivation layer. To overcome this problem, a porous
insulator contact (Al,O3) with random nanoscale openings was
introduced between the perovskite and HTLs (Fig. 16c and d). The
incorporation of Al,O; has been shown to dramatically reduce the
surface recombination velocity, as demonstrated by the decrease
from 64.2 cm s~ to 9.2 cm s~ (Fig. 16€). This reduction directly
correlates with fewer non-radiative recombination events at the
interface, greatly reducing non-radiative recombination®** (Fig. 16f
and g) and allowing for more efficient charge transfer and extrac-
tion. The porous nature of the Al,O; layer allows for selective
charge transport, particularly facilitating hole extraction while
preventing undesired recombination. The random nanoscale
openings within the Al,O; structure provide channels for efficient
charge extraction, enhancing the overall charge collection effi-
ciency of the device.

This journal is © The Royal Society of Chemistry 2025
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Fig. 16

Interface modification strategy to reduce nonradiative recombination. (a) Illustration depicting the chelation mechanism of lead chelation

molecules (LCMs) with Pb?* ions at the bottom side of the perovskite films. This figure has been reproduced from ref. 262 with permission from AAAS,
Copyright 2023. (b) Voltage loss mechanism for the control and CB-NH;-based samples. This figure has been reproduced from ref. 263 with permission
from Springer Nature, Copyright 2022. (c) Schematic description of the porous insulator contact (PIC) device structure. This figure has been reproduced
from ref. 264 with permission from AAAS, Copyright 2023. (d) Cross-sectional SEM image of the PIC device. This figure has been reproduced from ref.
264 with permission from AAAS, Copyright 2023. (e) Significant improvement in perovskite bulk lifetime and reduction in surface recombination velocity
(SRV) observed in the PIC sample relative to the control revealed by fitting the TRPL transients of varied thickness through a double-sided heterostructure
model. This figure has been reproduced from ref. 264 with permission from AAAS, Copyright 2023. (f) and (g) Detailed Voc loss analysis (f) and FF loss
analysis (g) of the control and PIC devices. These figures have been reproduced from ref. 264 with permission from AAAS, Copyright 2023.

In recent advancements, self-assembled monolayers (SAMs)
have been recognized as highly effective in enhancing contact
interfaces in PSCs. Fullerene-based SAMs and their derivatives
have been particularly noted for their ability to passivate CTL
surface defects and minimize interfacial non-radiative
recombination.?®®>”° This has led to notable improvements in
the device performance and consistency of n-i-p PSCs, which is
ascribed to the formation of robust interfacial chemical bonds,
reducing surface defects and increasing electron mobility. Addi-
tionally, non-fullerene-based SAMs have also been employed for
CTL defect passivation or as ETLs,>”*”* although they require
electrons to tunnel through their insulating layers.>”* Moreover,
iodine-terminated SAMs (I-SAMs) have been applied to reinforce
the fragile perovskite/SnO, interface,””> enhancing electron
extraction, increasing Voc, and mitigating charge accumulation,
thus reducing hysteresis. In the context of inverted p-i-n PSCs,
various SAMs have been explored as substitutes for conventional
HTLs (Fig. 17a). These SAMs have demonstrated superior

This journal is © The Royal Society of Chemistry 2025

adhesion to perovskite surfaces,””®>*® increased hole selectivity,

and expedited charge extraction while reducing non-radiative
recombination losses (Fig. 17b and c). Devices incorporating
these SAMs exhibit high FF, enhanced V¢, and improved long-
term stability. Carbazole derivative-based SAMs have also been
widely used in perovskite tandem solar cells as hole selective
layers.?®% Combining perovskite with piperazinium iodide
interfacial modification (Fig. 17d), the perovskite-silicon tandem
solar cells exhibit improved band alignment, reduced non-
radiative recombination losses, and enhanced charge extraction
at the electron-selective contact, achieving a PCE of up to 32.5%
(Fig. 17e).>!

Due to the inherent roughness of substrates and film
deposition conditions, defects are often unavoidable in the
SAMs, leading to leakage current at the interface and damaging
the PSC performance and stability.>** To resolve this problem,
co-assembled monolayers (co-SAMs) have been innovatively
designed as HTLs.?** % These co-SAMs feature a lower HOMO
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energy level and a large molecular dipole, aligning closely with
the energy levels of perovskites and lowering the hole injection
barrier. However, ultrathin SAMs can be thermally unstable. To
address this limitation, surface-anchored (4-(3,11-dimethoxy-7H-
dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid (MeO-4PADBC)
was explored to stabilize the NiO,/perovskite interface. The
energetic alignment and favorable contact and binding between
NiO,/MeO-4PADBC and perovskite reduced the voltage deficit of
PSCs and provided strong interface toughening effects under
thermal stress, achieving a certified PCE of 25.6%.”°° Improving
contact passivation between perovskites and NiO, is a big chal-
lenge due to hindered buried interfaces. To address this issue, a
potassium fluoride (KF) ultra-thin buffer layer between 2PACz
SAMs and perovskites was used, which effectively prevented
direct contact and reduced non-radiative recombination
losses.>®® These advancements in SAM technology underscore
a significant development in optimizing PSCs, with potential
ramifications for sustainable energy solutions.

Forming graded junctions has been recognized as an effec-
tive strategy to accelerate charge transport and minimize inter-
facial non-radiative recombination. Recent developments have
focused on the growth of low-dimensional (LD) perovskite
modification layers on top of 3D perovskites, which serve to
reduce interfacial non-radiative recombination by passivating
surface defects**' % or by forming LD/3D heterojunctions with
graded energy funnels.>**°® These graded interface designs are
advantageous for creating appropriate energy level alignment at
the interface, thereby improving charge transport properties

532 | Energy Environ. Sci., 2025, 18, 509-544

and reducing Voc losses.**”?%® Additionally, using zero-
dimensional (0D) PEA,ZnX, (Fig. 18a and b) as a capping layer
has also shown promise, leading to enhanced surface passiva-
tion and forming strong n-N isotype heterojunctions.?*® As a
result, the p-i-n PSCs demonstrated significant suppression of
charge recombination and a notable enhancement of the built-
in potential (Fig. 18c). However, the confinement in the LD
perovskite layers often causes electron blocking at the LD/3D
interface, and the conventional solution post-treatment strategy
is suboptimal.>'®*'" To address this, both physical post-
treatment and chemical solvent treatment have shown promising
results, but their effectiveness varies depending on the specific
interface properties and device architecture. For the physical
post-treatment method, strong aromatic conjunction molecules
were incorporated onto the perovskite surface, effectively mod-
ulating the surface electrical properties.*’>*"® Physical post-
treatment is particularly advantageous when precise control over
the surface passivation is required, especially for minimizing
electron blocking at the interface. This approach improves sur-
face passivation without introducing additional chemical resi-
dues that might interfere with the interface. Besides physical
post-treatment methods, chemical solvent treatment like
chlorine-based additives can induce secondary growth of bulk
grains and form high-quality heterojunctions.*'**'* This method
is particularly effective in promoting the growth of a uniform 2D/
3D interface, ensuring better energy level alignment and reducing
recombination losses. For systems where grain size and crystal-
linity are critical, chemical solvent treatment is often preferred as

This journal is © The Royal Society of Chemistry 2025
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Fig. 18 Graded LD/3D perovskite heterojunctions for energy level alignment or electric-field regulation. (a) and (b) Crystal structures of 2D PEA,Pbl, (a)
and 0D PEA,ZnX, (b), X = Cl/Il. These figures have been reproduced from ref. 309 with permission from Springer Nature, Copyright 2023. (c) Schematic
illustration of the formation of the n-N isotype heterojunction. This figure has been reproduced from ref. 309 with permission from Springer Nature,
Copyright 2023. (d) The mechanism of 3D perovskite formation on ITO/(2PACz + HBzA) with cation exchange occurring at the bottom interface (left); a
2D/3D heterojunction formed on the ITO/2PACz bottom contact (right). This figure has been reproduced from ref. 316 with permission from Springer
Nature, Copyright 2024. (e) Cross-sectional STEM image of the near-bottom HTL contact, with a zoom-in of the area showing the parallel 2D perovskite
layers. This figure has been reproduced from ref. 316 with permission from Springer Nature, Copyright 2024. (f) Electric field distribution through both
interfaces from the Cgo ETL to the glass/ITO side acquired through Kelvin probe force microscopy cross-sectional scans. This figure has been
reproduced from ref. 316 with permission from Springer Nature, Copyright 2024.

it helps achieve more uniform layer formation. For instance, to
resolve the challenge of 2D/3D heterojunction formation at the
bottom of the perovskite film (Fig. 18d and e), the 4-
hydroxybenzylamine (HBzA) ligand was mixed into the 2PACz SAM

solution.*®

These long alkyl amine ligands can generate near-

phase-pure 2D perovskites at the top and bottom 3D perovskite
interfaces, effectively resolving issues related to charge recombina-
tion, ion migration and electric field inhomogeneity (Fig. 18f).
Additional interface modulators have been investigated to
facilitate barrier-free hole extraction to the electrode. For
instance, a graded HTL incorporating tetracene and Spiro-
OMeTAD has been developed.’’” This design leverages the

This journal is © The Royal Society of Chemistry 2025

close match between the HOMO level of tetracene and the
valence band of the perovskites, resulting in a significant
decrease in non-radiative recombination losses at the interface.
Other studies have shown that n-conjugated organic cations can
effectively modulate the surface band edges and carrier
dynamics,*'® or refine interfacial energy level alignment.**® The
carrier collection in these PSCs has been substantially improved
owing to the enhanced hole mobility, increasing both Jsc and FF.
In most cases, the HTL lowers the radiative efficiency of the
perovskite absorber layer and increases the overall non-radiative
recombination losses.>*® Therefore, HTLs that can support high-
quality perovskite deposition at the buried interfaces are crucial
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for enhancing hole extraction and reducing interface
recombination.**’** In addition, employing dipole materials
represents a pivotal approach in contact interface engineering
within PSCs. The interfacial dipole effect can effectively upshift
the Fermi level of n-type metal oxides, thereby reducing their
effective work function.’”® For instance, the dipolar chemical
bridge can form a beneficial interfacial dipole between the
perovskite and CTLs, passivating the surface defects and lowering
interfacial energy losses.*****>” Moreover, applying a dipole layer
with a m-conjugated backbone has demonstrated potential in
passivating trap states and enhancing charge transfer.’*%33*
These dipole interlayers create dipole moments and modulate
the energy level at the perovskite/HTL interface, thus enhancing

the device’s overall performance and stability.

5. Conclusions and perspectives

The development of high-efficiency PSCs is critically dependent
on mitigating non-radiative recombination losses and eliminat-
ing hysteresis, both of which are essential for enhancing device
stability and efficiency. A comprehensive understanding of
these detrimental effects is essential for devising strategies that
push PCEs closer to their theoretical limits. This review iden-
tifies several key obstacles to optimization of PSCs, including
energy level misalignment across functional layers, defect
capture, and ion migration. These factors significantly contri-
bute to non-radiative recombination and j-V hysteresis, with
deep-level defects impacting Vo and non-radiative decay path-
ways. Although shallow-level defects are more abundant, they
lead to issues such as hysteresis, phase segregation, and overall
device degradation. Recent scientific efforts to address these
losses focus on innovative approaches in interface optimiza-
tion. Techniques such as refined doping to reduce trap-assisted
recombination, strategic insertion of passivation interlayers,
graded junctions to minimize energy barriers, and the engi-
neering of interfacial dipole moments have shown promise.
These advancements have been instrumental in suppressing
non-radiative recombination, driving PSCs towards achieving
and even surpassing current performance benchmarks. Identi-
fying and addressing the challenges that impede reaching the
SQ limit is paramount. This review outlines several promising
future research directions:

(1) Addressing energy level alignment at interfaces: achiev-
ing proper energy level alignment at the perovskite/CTL inter-
face is critical for efficient charge transfer. Misalignment can
increase non-radiative recombination, reducing Voc and PCE.
Future research should focus on understanding the complex
relationship between interfacial defect states and energy align-
ment. Techniques like X-ray photoelectron spectroscopy, ultra-
violet photoelectron spectroscopy, and Kelvin probe force
microscopy can provide valuable insights. Additionally, theore-
tical modeling and simulations offer deeper understanding of
the electronic structure and potential misalignments at the
interface. Developing interfacial layers or treatments to better
align energy levels will facilitate more efficient charge
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extraction and transport, ultimately enhancing PSC perfor-
mance and stability.

(2) In-depth study of defect-assisted recombination pro-
cesses: the field currently lacks a comprehensive quantitative
approach to assess defect capture cross-sections. Future
research should focus on integrating a deeper understanding
of defect density, defect energy levels, and carriers’ drift velocity
to better quantify defect capture cross-sections. Parallel to this,
the ongoing development of passivation molecules necessitates
an expanded investigation into their mechanisms, particularly
concerning their interactions with various defect types. Addres-
sing these issues can significantly reduce defect-induced recom-
bination, thereby enhancing the overall efficiency of PSCs.

(3) Developing graded junctions: reducing charge recombi-
nation rates at the heterojunction interface through implement-
ing graded junctions remains an area ripe for exploration.
However, detailed energy level offsets between the uppermost
surface regions and the interfaces at the bottom of the PSC
structure remain poorly understood. Addressing this knowledge
gap requires the development of new materials capable of
providing both stability and improved performance. Establish-
ing stable graded junctions promises to enhance current PSC
technologies and push the field into new areas of physics and
chemistry. These advancements could pave the way for PSCs to
achieve and potentially surpass the PCEs of traditional crystal-
line silicon solar cells.

(4) Advancing passivation techniques: effective passivation
techniques are crucial for mitigating defect-induced recombina-
tion, thereby enhancing the overall efficiency of PSCs. Future
research should delve deeper into the interactions between passi-
vation molecules and various defect types. This involves both
experimental studies and theoretical simulations. Techniques like
scanning tunneling microscopy and density functional theory
simulations can provide insights into atomic-level interactions.
Developing multifunctional passivation molecules capable of
addressing multiple defect types simultaneously is a promising
direction. By improving passivation techniques, higher PCEs and
better long-term stability for PSCs can be achieved.

(5) Enhancing long-term stability: long-term stability is a
prerequisite for the practical application of PSCs. Organic semi-
conductors and perovskite materials are particularly vulnerable
to degradation from oxygen and moisture under illumination.
Addressing this degradation is crucial for commercialization.
Special attention should be given to optimizing the mixed
microstructure of organic films, the composition of perovskite
materials, and the synergistic optimization of device interfaces.
Developing reliable encapsulation methods, such as atomic layer
deposition and advanced barrier coatings, will be key to extend-
ing the operational lifespan of PSCs. Understanding degradation
mechanisms at the molecular level through advanced techniques
like in situ X-ray diffraction and environmental transmission
electron microscopy is essential.

(6) Achieving high-performance transparent electrodes:
transparent electrodes significantly impact the performance of
semi-transparent PSCs (ST-PSCs). Future research should focus
on developing highly transparent and conductive materials for

This journal is © The Royal Society of Chemistry 2025
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transparent electrodes to meet the size requirements for window
integration with minimal performance loss. Low-cost fabrication
methods for transparent conductive oxides and thin metal films
should also be explored to facilitate large-scale production of ST-
PSCs. Promising materials include indium tin oxide, fluorine-
doped tin oxide, and graphene. Additionally, developing new
materials with better transparency and conductivity, such as metal
nanowires and conductive polymers, can further enhance the
performance of ST-PSCs. Integrating these transparent electrodes
with efficient light management techniques, such as anti-reflective
coatings and light-trapping structures, will also be crucial.

In summary, addressing these challenges will enable PSCs to
set new benchmarks in solar energy conversion, marking a
significant shift in the photovoltaic technology landscape.
Continued research and innovation in these areas are essential
to unlock the full potential of PSCs, leading to more efficient,
stable, and cost-effective solar energy solutions for the future.
The ongoing collaboration between materials scientists, che-
mists, and engineers will be crucial in realizing these advance-
ments, ensuring PSC technology can meet the growing global
demand for renewable energy.
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