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Strategic engineering of perovskite solar cells:
revolutionary developments from interfacial
stabilization to copper-based semiconductor
innovations
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Perovskite solar cells (PSCs) are revolutionizing the field of optoelectronics. However, these solar devices
remain difficult to scale up and suffer from surface and interface instabilities. Therefore, this review critically
analyzes and discusses innovative approaches such as self-assembly monolayers, surface nanostructuring,
buried interface engineering, surface redox engineering, H,O,-modified homogeneous NiO,, selective
template growth, and innovative scalability strategies that can overcome the limitations of surface and
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interface chemistry and device engineering, thereby guiding future research toward environmentally
friendly, efficient, and stable PSC technologies. Beyond these relevant developments, this review aims to
introduce copper-lead halide perovskites as potential alternative materials. These emerging directions also
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present new horizons for future applications, offering promising opportunities. Finally, we believe that the
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1. Introduction

To begin with, we need to find efficient, stable and friendly
PSCs at the same time for better practical energy applications
in the field.

The “energy” a broader meaning and
encompasses numerous areas, including energy generation,
conversion, and storage. Consequently, energy materials
combine enabling the generation,
conversion, and storage of energy. Hybrid perovskites are
considered multifunctional energy materials driving the next
generation of optoelectronics, based on this broad energy
concept. This is due to their diverse physicochemical
properties and structures." This enables their application in
multifunctional energy-related devices.”™* Since their initial

term has

multifunctionalities,
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strategic engineering of PSCs has strong potential to advance practical applications.

discovery in 2009 with a record efficiency of 3.81%,> halide
perovskites have become a focal point of research, yielding
major breakthroughs, and remain an active area of research
day. These halide perovskites
(oD,

exhibit various
phase

to this

dimensions 1D, 2D, and 3D), structures
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(orthorhombic,  tetragonal, cubic, and hexagonal),
compositions (single-hybrid, mixed-metal, mixed-halide, and
double-layer perovskites), and electronic properties, enabling
broad applications across diverse fields. Furthermore, 3D
perovskites, primarily represented by CH;NH;Pbl;, have
revolutionized the solar photovoltaic field with their rapid
power conversion efficiency (PCE) records and remain a key
focus of research and development.® The highest PCE of
single-junction PSCs exceeds 27%,” with a theoretical limit of
33.7%,°° while 3D/quasi-2D PSCs reach 28.99%.
Meanwhile, the highest PCE of tandem PSCs is 34.85%,"
with a theoretical limit of 45%."® Furthermore, a perovskite/
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perovskite/silicon triple-junction (3-]) solar cell has achieved
a PCE of 49.4%.">"™ Not only CH;NH;PbI; but also CsPbl,
and FAPDI; are being extensively studied due to their high
power conversion efficiencies. Despite their high PCE and
diverse application potential, the low stability and toxicity of
perovskites are increasingly becoming major challenges for
further applications. These challenges compel researchers to
either seek new ways to improve unstable and toxic
perovskite materials or explore alternative materials.
According to current research progress, all reported halide
PSCs face one of the following challenges:'® i) high efficiency
but poor stability and toxicity, ii) good stability but low
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efficiency and reduced toxicity, and iii) environmental
friendliness and stability but low efficiency. This leads to the
concluding question that “Will its inherent weaknesses
cancel out its strengths, or will its strengths overcome its
weaknesses?!” Therefore, the current challenge is: “Can we
rediscover the existing halide perovskites or discover new
halide perovskite light-absorbing materials capable of
achieving high efficiency, high stability, and environmental
compatibility?” The battle between the weaknesses and
strengths of PSCs is evenly matched. Specifically, the
weaknesses are instability, toxicity, inherent degradation, and
manufacturing challenges, while the strengths are promising
efficiency, tunable optoelectronic properties, low cost, and
flexibility. This four-way battle of titans will likely conclude
with the strengths prevailing, igniting the inherent potential

of PSCs and contributing to the future energy,
environmental, and economic transformation of global
society.

The time has come for all researchers to seriously
consider and tackle this dynamic challenge. For this,
researchers must consider four critical aspects: 1)
substituting stable cations into the A site within the ABX;
halide perovskite structure; 2) replacing toxic lead atoms in
the APbX; structure with other stable cations; 3) achieving
simultaneous substitution of both the A site and lead atoms;
and 4) understanding the key causes of interfacial chemistry
and energy loss, and establishing strategies to overcome
these root causes, thereby achieving robust fabrications and
energy conversion in solar cells. While the first two
requirements have been attempted and reported in
numerous studies, the third and fourth requirements remain
the most challenging tasks, indicating why halide PSCs have
not succeeded in practical applications.

Therefore, the ultimate objectives of this comprehensive
review are threefold. First, to explore and understand the key
requirements for an ideal solar cell, the current state of
efficiency and stability in PSCs, the major functional
molecular bridges, modifier and stabilizer development
trends compulsory to address performance bottlenecks
including the roles of additives, linkers, capping agents, and
ionic liquids, and their new developments,
systematically organizing the information to screen current
progress and research. Second, this review aims to stimulate
further exploration on how universities, research centers,
industry, and companies can achieve large-scale and
horizontal implementation of the following surface and
interface modification approaches and technologies for
further applications: i) flawless and surface nanostructured
perovskite thin films, ii) buried interface engineering, iii)
surface redox engineering, iv) hydroxylation of metal oxide
transport layers, and iv) selective templating perovskite layer
growth engineering. These studies contribute to building
fabrication platforms suitable for improving the following
major issues: i) passivation and wetting processes to achieve
proper perovskite thin-film stacking; ii) optimization of
interfacial tension to facilitate large-area manufacturing; iii)

future
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energy-level alignment and conductivity enhancement to
form stable surface states; and iv) slot die coating for full-
coverage high-quality perovskite film deposition, enabling
scalable film deposition over large areas. Third, this review
focuses on the bonding chemistry, orbital mixing control,
role-sharing orbitals, copper duality, and other potential
properties of copper halide perovskites and their derivatives.
It explores new research and development breakthroughs
based on CuPbX; and its derivatives, providing reference
material and inspiration for researchers seeking new
alternatives and opportunities beyond CH;NH;PbX; and
CsPbX;. Much remains to be explored regarding the
relationship  between  photoelectronic  structure and
performance, spin-orbit interactions, and the control of
orbital interactions. Finally, we discuss in detail the
perovskite family (ACuX; (A = +1 cation) and CuBX; (B = +2
cation)), derivatives of CuPbX;, and potential research
directions for controlling their optoelectronic properties. This
aims to promote future multifunctional energy applications,
strengthen research on copper halide PSCs, advance the field,
stimulate interest in this direction across academic,
industrial, and commercial sectors, and drive new initiatives
in these research discoveries.

2. Analysis of key requirements for an
ideal solar cell

This review begins by examining the key requirements for
ideal solar cell materials to further advance new discoveries,
inventions, and innovations in perovskite solar cells. Without
understanding these key requirements for ideal solar cell
materials, achieving novel and original breakthroughs is
difficult. Therefore, focusing on these key characteristics is
significant from the perspective of improving the current
research status and limitations faced by perovskite solar cells.
Therefore, solar materials must meet the following
requirements: 1) semiconductor properties with a bandgap
between 1.1 and 1.7 eV; 2) direct bandgap properties
enabling direct electron transitions during charge carrier
transport; 3) non-toxicity and stability; 4) wavelengths of light
that can penetrate the material before absorption; 5) large
unit cell area and suitability for repeatable solution
deposition processes. For instance, perovskites, cadmium
telluride (CdTe), and copper indium gallium selenide (CIGS)
are characterized by high absorption capacity.”” High-
performance solar cell materials exhibit superior light
absorption capacity.'® As shown in Table 1, the summarized
parameters such as efficiency, bandgap, and absorption
coefficient are closely related. Moreover, solar cell materials
with a small bandgap and high absorption -coefficient
enhance the device efficiency. This parameter indicates the
amount of light absorbed per unit thickness of the material,
or the extent to which light transmits through the material
before being absorbed. The absorption coefficient for single-
element semiconductors is given by eqn (1)."
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Type of solar Efficiency  Band Absorption Diffusion Mobility

materials (%) gap (eV) coefficient (cm™) length/pum (em*>Vv's™) Bottlenecks Ref.

Single-junction Exceeds 1.45 0.5 x 10* 175 (ref. 28) Hole = 1187 Instability, toxicity, device 7,

perovskite 27.3 and electron = 414 deterioration, hysteresis, 30-32

(ref. 29) and film quality
Cadmium telluride  22.6 1.44 1.1148 x 10° 100 (ref. 33) Electron = 1100 Toxicity of cadmium and 35
(CdTe) and hole = 100 the limited global supply

(ref. 34) of tellurium

Copper indium 23.6 1.0t0 1.6 >1x10° for 1.5eV  2-9 (ref. 36) Electron = 100 Concerns about the 38

gallium selenide and hole = 25 scarcity and cost of indium

(C1GS) (ref. 37) and gallium limited
production capacity, and
lower efficiency compared
to silicon-based cells

Silicon-based 27.3 1.1 Below 10* for 250 (ref. 39) Electron = 1000 High installation costs, 16

crystalline solar cells wavelengths larger and hole = 450 production costs, and

than 500 nm (ref. 40) material usage; a rigid
structure and susceptibility
to weather conditions
Amorphous silicon 14 1.75 1.7442 x 10° 23.4 nm (ref. 41)  Sum of electron  Staebler-Wronski effect 42
(a-Si) mobility and hole
mobility of 2.9
(ref. 41)

Perovskite/silicon Exceeds 37 — — — Recent efficiency 44

tandem solar cells is 33.62% and

(4terminal) 1700 h (ref. 43)

GaAs 29.1 1.43 22000 Lpe- = 20 um for Electron = <8500 The thickness of the thin 31
lightly doped and hole = <400  film and the surface light
diodes to 2 um (ref. 47) reflection effects,*®
for heavily doped brittleness, lower thermal
diodes*® Ly = conductivity, lack of a
200 um (ref. 46) natural oxide layer for

insulation, and higher cost

CZTSSe 15.1 1.0-1.5  p-type GaAs records 2.5 pm (ref. 49) 39.7 (ref. 50) The formation of 51

o of 225 and secondary phases and
n-doped GaAs defects, high temperature
varied from 3 x 10"7 instability, and difficulty in
to0 9.6 x 10"/ forming a phase-pure
(ref. 19) material
CIGS 23.6 1.0-1.7 3-6 x 10° 3 to 22 (ref. 52) 2to9 53
(ref. 36)

CIGSSe 20.3 1.0-1.7  10* 3-22 (ref. 52) 3.7 (ref. 54) Poor energy level 55,
alignment, challenges in 56
achieving high-efficiency
solution-processed devices
and deep-level defects

CZTS 12.1 1.4-1.6 >1.5 x 10* 0.75 to 1.5 pm 7.8 to 2750 Interfacial recombination; 59
(ref. 57) (ref. 58) low charge carrier mobility

and lifetime; defect
formation and secondary
phase formation

InGaP 22.0 1.14-2.17 100 0.6-1.1 (ref. 60) Hn = 3225, Limited current matching, 62

Hp =150 light extraction and
(ref. 61) cracking during growth

InGaP/GaAs//CIGS 31.2 — — — — Potential for degradation, 63
especially in harsh
environments;
complex-fabrication, and
limitations in material
costs

InGaP/GaAs/Si 33.7 — — — — Current mismatch between 63
the Si bottom cell and the
InGaP/GaAs top cell

InGaP/GaAs/InGaAs  32.65 — — — — Radiation damage 64

Perovskite/perovskite Exceeds — — — — Toxicity, scalability, and 65

30.1 stability issues
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Table 1 (continued)
Type of solar Efficiency  Band Absorption Diffusion Mobility
materials (%) gap (eV) coefficient (cm™) length/pum (em*>Vv's™) Bottlenecks Ref.
GaInP/AlGaAs/CIGS ~ 28.1 — — — — Complex fabrication, 67
tunnel junction induced
deterioration, current
limitation i.e. the short
circuit current Jgc of whole
structure is equal to
smaller Js¢ of both
subcells®®
CuPbl, — 1.42 1.63 x 10° Not well discovered but Pb 68
is toxic
Perovskite/Culn(Ga) 24.6 — — — — Difficulties in achieving 69
Se, tandem solar high efficiency and stable
cells performance, material
instability, toxicity
concerns with lead in
perovskite
Perovskite/organic 26.05-26.07 — — — — Challenging 70-72
tandem solar cells interconnecting layers and
device engineering, toxicity
concerns, material
instability
_r )2 Tyen ext
a = A(EE—g_E;p) (1) r]photon Ige - ”&t (3)
1-exp (k—Tp) ¢ e
. . . ext __ IS_C (4)
where E is the photon energy, E, is the band gap energy, Ej, is e = Tine
the energy of the absorbed photons, T is the temperature in
Kelvin, and k& is Boltzmann's constant. The absorption we Isc
coefficient of binary semiconductors is given by eqn (2).*° e = Ig: (5)

1.24 1.24 /

a = Adirect X T - 2 = Adirect X hv _Eg (2)

C

where /. is the cutoff wavelength of the material, / is the photon
wavelength, and Agiree iS @ constant value measured in cm™
eV 2. For example, the Agirece value of InGaAsSb, InGaAsP,
InGaAs and GaSb is 26000 cm™ eV 2 36600 cm™ eV 2
22900 em™* eV "2, and 22600 cm ' eV 2, respectively.'**! In
addition to the absorption coefficient, other factors include a
band gap of 1-2 eV, nearly equal refractive index of different
layers, carrier concentration, diffusion length, and monolithic
single-junction and tandem structures.

The main performance loss mechanisms of these solar
cells include the charge transport layer (e.g. spiro-OMeTAD)
absorption, light reflection at the air-glass interface or at the
front electrode entrance, and absorption by the front
electrode (F:Sn0,)."”**>* Other loss mechanisms include
intrinsic loss, degradation, emission loss, shunt resistance,
thermalization loss (heat generation), depletion region,
Carnot losses, grain boundary recombination, shading and
spectral mismatch."”***” The photon efficiency (4photon)
represents the loss mechanisms such as transmission,
reflection or absorption by the front electrodes but not
absorbed by the solar materials, calculated as the external

ext

collection efficiency (&) divided by the internal collection
int

efficiency (7¢") as shown in eqn (3):

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

where I, is the light-generated current and I, is the
incident spectrum incident. When Iine = Igen, the solar cell
has infinite optical thickness, no reflective loss, and no grid
shadowing. If 7photon — 1, then 78 int

indicating that the solar cell design should achieve minimum
reflectance (1) and a minimum grid shadow, with nearly all
photons E > E, absorbed and sufficient optical thickness.

The efficiency of solar cell is given by eqn (6)-(9):

= nic Or Igen = ling

P, )
n= ; == NidealTphoton FFIVIIG" (6)
m
where,
ip I
q~gtinc
Mideal (Bg) = 2 (7)
mn
and,
1
Voc = gEg and FF =1 (8)
Voc
=T )
q-g

where 7y is the voltage efficiency and %Eg is the bandgap voltage.

The best solar cell achieves a Vo value of 0.4 V lower than the
band gap voltage. The challenge facing the development of next-
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m Efficiency

Fig. 1 Comparison of the efficiency of various solar cell devices presented in Table 1.

generation solar cells is the need for a V¢ value close to the band
gap voltage. As shown in Fig. 1, the efficiencies of various solar
cell materials are quite different due to different bad gaps,
absorption ability, and other thermalization and semiconducting
properties. The depletion region is an area where the number of
flow charge carrier decreases, hence blocking the efficient
transport of electrons between layers in a solar cell device. The
total depletion width depends on the acceptor concentration and
donor concentration. For instance, decreasing either acceptor
concentration or donor concentration will increase the depletion
width. The total depletion width is given by eqn (10):

281Vb(1 1)
w= -+
q NA ND

where w is the depletion width, ¢ is the dielectric constant, V;, is
the built-in potential, N, is the acceptor concentration, q is the
electric charge, and Np is the donor concentration. The net
recombination rate in this depletion region is given by eqn (11):

(10)

i (e%ﬂ) (11)

Net recombination rate per unit volume =
Tdep

where n; is the intrinsic concentration and z4cp, is the depletion
layer lifetime.
Moreover, the diffusion length (L) is given in eqn (12):

L=+/Drt

where 7 is the lifetime of the excited carrier and D is the
diffusion coefficient. Based on this point of view, the
selection of suitable materials is a very important step for
high-performance solar cells.

(12)

RSC Appl. Interfaces

If the recombination is negligible, all photon fluxes are
absorbed with no reflection, and the efficiency of an ideal
semiconductor is given by eqn (13):

Aq|Ey kT Eg

e S T (e

! hc{q q n( Tk

or (13)
FF-Isc-Voc

nN=——"7"—

Piy

where 7 is the efficiency, 4 is the wavelength, « is Boltzmann's
constant, T is the temperature, FF is the fill factor, Isc is the
short-circuit current, Vo is the open-circuit voltage and Py, is
the incident power of light. For such ideal semiconductors to
perform efficiently, it is necessary to have a perovskite layer
with high crystallinity, phase homogeneity, no defects, and
high-quality interfaces (Fig. 2).”

Not only the active material of the absorber, but also all
component materials of the solar cell devices shall not act as
sources of performance loss mechanisms. Another strategy is
to mitigate the types of loss mechanisms such as optical,
thermal and electrical losses.”>”’ Based on the review
analysis, the design of an efficient solar cell considers the
following factors:”*”®

1. The band gap of semiconductors shall be between 1
and 1.6 eV to achieve the optimal cell efficiency.

2. Improving #photon by reducing optical losses such as
absorption, reflectance, and grid shadowing in optical
components and maximizing the optical thickness of solar
cells.

3. Improving FF by reducing shunt and series resistances
in the cell and its connections.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Y b o
Currentdensity (J) o
A =
g
Yoltage (V) = Ideal quantum efficiency
Pmax = Jmax X Vmax : Voc g 1,O-n-...;3:-uulu-uuu:
[} .
BE= B/l Vs | ke :
A reduction of the
PCE =FF x J. X V,/P;, ! o :
% Jso X Voo Fint E | overall QE is caused H
I @ _ 2 | by reflection and a } No light is absorbed below the
Maximum . % low diffusion length : band gap so that QE is zero at long
power pou = . § wavelength
£ =helE, \ M
IPCE (1)=EQE (1) 2 I A
= electrons (cm?2s’!) H | Wavelength

Photons (cm2s)
= on( mAcm2)/ x 1240 (Vnm)
Pono (MWem2) x A (nm)

Blue response is reduced due to
front surface recombination

Red response is diminished as a result

of rear surface recombination, decreased
absorption at longer wavelengths and lim
diffusion length

Fig. 2 A typical current density-voltage (J-V) curve (a) and quantum efficiency spectrum as a function of wavelength (b), reproduced from ref. 74

with permission from Nature Publishing Group, Copyright 2025.

4. Improving 7#iqear by selecting a suitable band-gap
semiconductor.

5. By reducing surface and bulk recombination rates,
respectively, improving 7% and y, thereby enhancing Isc and V.

6. For sustainability considerations, selecting environmentally
friendly, air-stable and non-toxic semiconductors is crucial.

The very important challenge here is whether it is possible
to optimize all four requirements for the development of the
best solar cells. Researchers may be able to fulfill one of
these requirements, but this does not mean that their devices
will achieve optimal cell efficiency. Therefore, it is expected
that the simultaneous fulfillment of all these requirements
will lead to highly efficient solar cells. From this perspective,
what are the advantages of perovskite solar cells? Can PSCs
simultaneously exhibit the excellent properties required for
the best solar cells? Will they be among the most efficient
solar cells in the future? How about copper halide perovskite
solar cells? Research will answer these crucial questions. To
investigate these research questions and move forward in this
field, it is imperative to analyze current efficiency and
stability state of art in the journey of PSC trends followed by
nexus development new trends in the field.

3. Analysis of current stability and
efficiency trends in perovskite solar
cells

Without thoroughly analyzing and understanding the
research status, key challenges, and bottlenecks hindering
the practical application of PSCs, it is impossible to
improve the efficiency, stability, and scalability in the
market. Therefore, crystal structure, material properties,
and device structural characteristics are the core focus
areas for understanding and resolving the shortcomings
faced by PSCs.

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

3.1. Analysis of the perovskite crystal structure

What does structural instability in = CH3NH;PbX;
semiconductor solar cell materials signify? This issue
indicates that the crystal structure and phases of CH;NH;-
PbX; cannot withstand conditions such as air, humidity, and
temperature. Furthermore, PCE devices made from CH;NH;-
PbX; readily degrade when exposed to these conditions. What
is the root cause of this degradation in these materials and
devices? The primary cause of instability lies in the organic
cage, particularly the CH3;NH;  group, while the origin of
toxicity is the Pb metal atom. This is because the CH;NH;"
group exhibits high basicity and strong solubility in humid
environments, attributable to the highly polar, hydrophilic
NH;" group forming hydrogen bonds. When exposed to
singlet oxygen, the reaction yields various reaction products
depending on thermodynamic energy. For example: CH,NH,
+ HOO — CH,NH'H,0, CH,NH'H,0 — H,0, CH,NH 'H,0 —
NH,CHO + H,0, CH,NHO + H,0 — CH,NH'H,0, CH,NH"-
H,0 + O, — CH,NH'H,0,HCHO + NH,OH, and CH;NH'-
OOH is formed.”® However, upon reacting with oxygen, the
following products are formed: 4CH3;NH,(g) + 130,(g) —
4CO,(g) + 10H,0(g) + 2N,(g), ultimately yielding CO,, H,O,
and N,. Furthermore, the photooxidation of methylamine
refers to the reaction that generates radicals, amides, and
imines upon light irradiation in the presence of oxygen.®
Moreover, addressing this issue may enable the identification
of novel strategies to overcome the crystal structural
instability and the development of alternative stable
materials such as MPbX; (M = Cs', Cu’, Ag’, etc.), potentially
contributing to the achievement of desirable PCE and
stability. Currently, materials identified as alternatives to
CH;NH;Pbl; are primarily classified into two types:®' fully
inorganic perovskites (e.g., CsPbl;) and organic-inorganic
hybrid  halide perovskites with various structural
organizations.
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3.2. Analysis of device stability and efficiency

PSCs exhibit various device structures, such as mesoporous,
planar, and tandem structures (e.g,, n-i-p type, p-i-n type).*
While one structure may demonstrate superior performance to
another, all structures remain unstable unless encapsulated. To
achieve practical application and commercialisation, it is
necessary to ensure at least 20 years of stability through various
strategies to stabilise halide perovskites.* The highest stability
record reported to date was achieved under continuous solar
irradiation at 35 °C using a Cs,PbL,Cl, encapsulation layer,
demonstrating five years of stability.*®> Cs,PbI,Cl, is a wide
bandgap semiconductor with a relatively low effective carrier
mass and photoconductivity.*® This is insufficient to enable the
practical deployment and application of PSCs. The stability of
PSCs depends not only on the perovskite absorber layer but also
on the quality of the hole and electron transport layers, metal
electrodes, and device structure. Devices exhibiting the highest
performance feature an n-i-p structure.®” In this structure, the
hole transport layer should function as a stabilizer for the
device.®® Another device structure is the p-i-n configuration,
known for its compatibility with multi-junction devices and
operational stability.”> Compared to the n-i-p structure, p-i-n
structure devices exhibit lower efficiency.®” In addition to these
mesoporous structures, planar structures exhibiting stability
dependent on the bonding angle also exist.

Square and triangular structures in planar devices exhibit
lower stability than the corresponding linear structures. This
arises from the increased bonding angle (namely 180°) in
linear structures. Consequently, mesoporous structure
devices demonstrate higher stability than the planar
devices.””®" This is because they exhibit superior electron
extraction capability and high resistance to performance
degradation due to ion-void migration.”®*> Numerous other
factors contribute to the superior stability of mesoporous
structures compared to planar structures, including
nucleation sites, uniform growth, and oxygen/water
adsorption capacities.®*®*® Meanwhile, another device
structure exhibiting higher stability than other bare
perovskite devices is the tandem device with an a-Si/
perovskite structure, where the a-Si functions as a UV filter.>*
Despite these factors and mechanisms being enumerated,
the fundamental causes of degradation and performance
decline remain unclear. Continued efforts to identify new
causes are therefore crucial and have not yet been fully
elucidated.”® Addressing stability issues and lifecycle
management in PSCs represent key research directions for
the coming decade.’®®” Based on our comprehensive
analysis, stability and efficiency enhancements mainly
depend on three big strategies: i) innovative functional
modifiers and molecular bridges, ii) formulation and design
of perovskite materials and iii) innovative interfacial
modification approaches.

3.2.1. Analysis of the effect of functional modifiers and
molecular bridges. Currently, ionic liquids, spacer ions,
additives, and capping layers are major research themes for
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enhancing the performance of PSCs. However, the precise
nature of the remarkable properties exhibited by these materials
remains unclear. Stability and efficiency performance is highly
dependent on the type, property and nature of spacer ion,
additive, ionic liquid, or capping layer. In recent years, various
types of functional modifiers and molecular bridges have been
employed to simultaneously enhance both stability and
efficiency, as shown in Fig. 3A and B. These ionic liquids, spacer
ions, additives and capping layers include thiourea,”® PVP,”
Sm** 1% Ey,'* K1,'°? NaF,'®® zZnCl,,'** caffeine,'® bis-PCBM +
BrPh-ThR,'*®  znP,'”  SP’'®  alkylamine ligads,'®”
2-hydroxyethylmetacraylate,"*° 1-propionate-4-amino-1,2,4-
triazolium tetrafluoroborate,'** Zn-TFSL,''* BQ and FATCNQ,'*?
butyl ammonium,'** phenethylammonium iodide (PEAI),"*®
bromo  benzyl ammonium,"'® MTEAC,"”  FABAX,"'®
aminovaleric acid iodide,"** PEA* and SCN~,"*° BMIMBF,,'*!
BA,"”* (NpMA),Pbl,,'** FIM,"** RATZ,"*® [bvbim]Cl,"** poly-1-
vinyl benzyltriethylammonium chloride [PILAm],"*” and Cs,-
PbL,Cl, capping layer."*® From this analysis of the highest
stability, it can be seen that higher stability is associated with
lower efficiency, and vice versa (Fig. 3A and B). Therefore, there
is a strong trade-off between stability and efficiency. Thus,
optimizing stability and efficiency to at least achieve an
acceptable range is highly demanding. The highest measured
stability (51000 + 7000 hours, equivalent to 5 years) was
achieved with CsPbI;.*® This active interlayer also achieved a
shorter stability range of 720 hours."?® Therefore, ionic liquids,
spacer ions, additives and interlayers were observed in
achieving different stability records. If the key lies in the type
and nature of these functional modifiers and bridges, which
ionic liquids, spacer ions, additives and top layers could be
potential materials for the long-term stability of PSCs?

3.2.2. Analysis of the effect of formulation design of
perovskites. The stability and efficiency of PSCs are affected
not only by the ionic liquids, spacer ions, additives and
capping layers, but also by the type, properties, and
chemical formulation of perovskite semiconductors. Fig. 4
shows stability versus perovskite formulation and design.
Thus, studies have reported various potential perovskites for
stability testing, such as CH;NH,Pbl,;,"''** CsPbI;,""7"?8
MACu,I;,"%° CsPby.o7,Smy ¢3Br3, % CsPb,_,Eu,I,Br,'°*
(CSFAMA)PD(Io.55Br0.15)3," C80.05FA0.54MA¢.41)Pb(To.05-
Brooa)s, > MAI(Pbl,); (ZnCly),,"**  (BA),(MA);Pb,l;5,"™
CSo.os(FAo-S5MAo.15)0.95Pb(lo.85Bro.15),111
(FAPDI;)o.55(MAPbBI3)g 15,"'® PEA,MA,,_(Pb,I5,,"*" FAPBI;,""®
(FAo.6sMAg.50CS0.15)Pb(Io sBro2)3, >  MAPDI;,"*>  FAMACs,"*?
(FAO.ssMAo.17)0.95CSo.ospb(Io.9Br0.1)31134 MAPbIa,uG FAp g3-
C50.17Pb(lo.eBro.4)3,122 (FAO-8SMAO.I5)0.95CSO.OSPb(IO.QBrO.ls)Z»y124
and CSo.17FAO.zzst(Io.9Br0.1)3-127

As shown in Fig. 4, various active perovskite absorbers
with various formulations and designs were proposed to
improve the stability of PSCs. Based on this in-depth analysis
of efficiency and stability trends, this review aims to provide
a comprehensive overview of the related development trends
that reflect the promising prospects put forward by renowned

researchers. These related developments will provide

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of additives on the stability (A) and efficiency (B) of PSCs.

researchers with important reference points to reorganize
their new ideas according to future research needs for new
breakthroughs.

Not only stability and efficiency but also scalability and
durability are critical factors for advancing PSCs toward
commercialization, = where the innovative interfacial
modification approaches are considered as the third strategy to
drive the market commercialization. Based on the
understanding from the in-depth analysis, this review was
organized to present key development trends required to
overcome the performance bottlenecks focusing on the
innovative interfacial chemical engineering of PSCs followed by
new materials engineering such as copper-based semiconductor
innovations as ways of forward looking the future breakthrough
developments and advancements of the field. In addition,
awakening points of discussion and multifunctional energy
applications of copper halide perovskites are reflected to attract
the scientific community towards this new development.

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

4. Key development trends required
to address performance bottlenecks

What are some better solutions to ensure the
commercialization and field installation of PSCs to enhance
operational efficiency?

The next steps in the development of PSCs are clearly centered
on the following eight key areas: 1) stability, 2) efficiency, 3)
environmental impact reduction, 4) recyclability, 5) scalability, 6)
durability, 7) overcoming performance bottlenecks such as
limitations in interfacial chemistry and surface redox control,
and 8) the development of novel semiconductors and devices
such as new copper halide perovskite semiconductors and their
device structures. This nexus development trend aims toward the
ultimate goal of achieving cost-effectiveness and sustainability in
manufacturing and commercialization while addressing
challenges like stability, efficiency, environmental impact,
recyclability, scalability, and durability. Meanwhile, the next step

RSC Appl. Interfaces


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lf00084c

Open Access Article. Published on 04 June 2026. Downloaded on 6/25/2026 8:12:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review
60000
50000
wv
<
<< 40000
>
5~
‘s 30000
]
+—
1 20000
10000
o /B - - m o _ 0 m
[ e e B e B s e N o e B A v~ s S )
E = ==& zala = &
2 5SS =22 T2
=228 = =S & =
= o W S o = o
o = = E X283 B ==
= =2 D= =
= O R 2S =2 =
v -acignm;
e o =3 a 8 =
L 8 £ g2°
=
= —
S S
=
w
%
o
=
=
S
o
]

PBBM

View Article Online

RSC Applied Interfaces

Fig. 4 Effect of different perovskite absorbers on the stability of perovskite solar cells.

in this development addressing PSC performance challenges, as
shown in Fig. 5, is to focus on surface and interface chemistry—
the limiting factors for stabilizing interfaces, active perovskites,
device structures, charge transport layers, and electrodes—or to
identify new stable perovskite materials capable of withstanding
various material and device degradation conditions. Therefore,
CuBX; and ACuX; are positioned as “next-generation PSC energy
materials” in the upcoming paradigm shift in solar photovoltaic
research.

For this purpose, researchers have been exploring various
strategies, among which additive engineering,''®'%!357137
interface engineering,"**"** electron and hole transporting layer
engineering,"** defect engineering,'*>'*® perovskite absorber

composition  engineering,"”’ ">  solvent engineering,'** ">
coordination  engineering®**'*> and device architecture
engineering'#?%91146:1567165 are the most common approaches.

Under these potential research directions, 5 years of stability have
been reported.** The winning strategy for achieving this
performance is the engineering of inorganic capping layers. In
general, PSCs are experiencing a glimmering phase of rapid
advancement in 2026, transitioning from high-efficiency
laboratory curiosities to commercial-ready, durable photovoltaics.
Key breakthroughs include PCEs surpassing 27% for single-
junction cells, greater than 33% for flexible tandem solar cells
and over 34% for perovskite-silicon tandem cells. These
advancements are the result of improved stability, flexible form
factors, and eco-friendly manufacturing, positioning PSCs to
revolutionize urban energy generation, wearables, and space
applications.
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While understanding the opportunities in the

development of PSCs, it is highly necessary to understand the
key issues, challenges and obstacles in improving the
stability of PSCs. This understanding shall focus not only on
PSCs but also on perovskite tandem solar cells. Based on this
need, the following bottlenecks, challenges, obstacles, and
issues exist:

The first stability challenge faced by tandem solar cells
lies in their device structures. Specific challenges include the
charge transport layers, operation conditions and
encapsulation methods suitable for tandem structures.'®®%°
The second bottleneck is the lack of a stable testing protocol,
which is of critical importance.”>'”°"*”* While such protocols
are essential, they alone cannot resolve the instability issues
inherent in PSCs.”’*'”> Some reports have mentioned
stability testing protocols from other regions.”>'”> These
consensus points are based on consensus stability testing
protocols for organic photovoltaic materials and devices."”®
However, in our view, such testing protocols may not be
suitable for PSCs due to the unique characteristics of
perovskite = materials, device architectures, interface
configurations, and intrinsic chemical composition and
structure. These factors result in significantly different
sensitivities to external environmental stress conditions such
as light, temperature, electric bias, moisture, and air
compared to organic photovoltaic materials and
devices."””"”® This needs further validation and testing of
these protocols. Additionally, there are testing categories
such as damp heat, thermal cycling, light socking and dark

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Key development trends in PSCs and the emergence of new copper halide perovskites for future multifunctional energy applications.

storage. In these stability tests, factors such as testing duration,
T80 lifetime, and encapsulation must be considered.®® Therefore,
the stability testing protocols for organic photovoltaics may not
be well suitable to PSCs and tandem solar cells. According to the
key standard ISOS stability protocols, there are several critical
variables that must be met under general test conditions: these
variables include negative or positive fixed voltage, ambient
conditions (such as controlled humidity), room temperature
(such as 65 °C and/or 85 °C), inert gas and vacuum, dark
conditions, or one-sun illumination.'”*™#3

The third bottleneck is the active perovskite absorber
semiconducting layer. The key factor is the influence of
moisture. CH;NH;Pbl;, due to its organic cage structure, cannot
tolerate moisture, air exposure, light exposure, and higher
temperatures, and is prone to dissolution, oxidation, and
combustion. The stability and efficiency of perovskite materials,
in general, vary with dimension. Two-dimensional materials are
more stable than 3D perovskites but have lower efficiency.'®*

The fourth bottleneck comprises interface-induced instability
and low efficiency. The interface is also another factor causing
device instability and low efficiency. Recent studies have shown
that supramolecular engineering can overcome this challenge.
The results indicate that the initial efficiency remains at 96%
after 1050 hours, demonstrating the great promise of
supramolecular engineering-based double host-guest (DHG)
complexation strategies.'® Moreover, interface misalignment
and defect states are key factors in device degradation and

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

require optimization through interface engineering and defect
passivation.'#>*%¢%0 The fifth bottleneck is that there are some
factors that affect the stability of both PSCs and tandem solar
cells, such as:

UV/visible light: UV/visible light may induce the photo-
oxidation of component materials of perovskite solar cells,
leading to degradation and device failure.**'*" To overcome
this challenge, photoprotective phytochemical molecules in a
very thin layer shall be composited to the perovskite device
together with the other layers.

Moisture and oxygen: moisture causes perovskite dissolution,
while oxygen causes methylamine oxidation and acts as a trap
site.?19>1%  Recently, CuSCN@P3HT as an interface hole
transporting layer with additional water splitting ability has been
introduced to split the water-rich moisture coming in to attack
the perovskite light-absorbing active material."** Solar cell device
made of CuSCN@P3HT hole transporting material achieved a
PCE of 7.91% under a humid atmosphere greater than 80%
measured after 28 days. As shown in Fig. 6a, the insertion of a
CuSCN@P3HT layer lowers the energy of the HTL to create
suitable alignment of the energy levels with the perovskite layer
to better extract and transport holes in the device across the
interfacial layers (Fig. 6b). Furthermore, while the main work
process is the working principle of the PSC, the additional
parasitic process occurs due to the water splitting activity of the
perovskite/CuSCN@P3HT interface, responsible for the in situ
oxygen evolution assured by the Fermi level of CuSCN and the
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valence band of p-doped P3HT acting as the cathode and anode,
where hydrogen and oxygen evolution occurs (Fig. 6¢). Moreover,
research shall direct towards making superhydrophobic metal
oxide surface such as NiOx for the moisture proofing of inverted
perovskite solar cells.”* Surface architecture and surface
chemistry to make lotus leaf and rose petal like metal oxide and
perovskite surface nanostructure are suggested to overcome
moisture sensitivity.'*

Mobile ions: the presence of mobile ions triggered by
instability affects the stability of PSCs.'”®'®° However,
conversely, the presence of mobile ions can also improve the
tolerance of PSCs.>*° This indicates that there is currently no
consensus on the presence of mobile ions in the PSCs. Back
electrodes in perovskite solar cells (PSCs) are critical
components for charge collection, replacing the expensive
metals gold and silver with stable, low-cost alternatives such
as carbon, alloys and copper. The aim is to enhance stability
and reduce fabrication costs.'**87,201:202

Device structure: clearly, device structures such as planar,
mesoporous and tandem architectures exhibit different levels of
stability. The structure of the PSC devices significantly influences

RSC Appl. Interfaces

their efficiency and stability.'*®'>%161:16%:203206 " perqygkite

materials cannot withstand high temperatures, leading to a
decline in their performance.**”*°® Charge transport layer may be
sensitive to photooxidation, degradation, and oxidation caused
by oxygen.>*>>'* To achieve this, what will be the next winning
strategy in the development of these new PSCs? The winning
strategy should focus on identifying non-toxic, Earth-abundant,
and inexpensive elements, as well as appropriate additives, ionic
liquids, ion spacers, or capping agents.>'> Most importantly, it
must be stable under light, moisture, oxygen and temperature,
while replacing methylamine with flexible device configurations
in PSC structures to maintain the stability, efficiency and
scalability of PSCs.

4.1. Innovating functional molecular bridges, modifiers and
stabilizers

PSCs face four major challenges. Whilst exhibiting high power
conversion efficiency, they suffer from low stability, lack of
scalability, harmful toxicity, and severe recombination and
contact defects that cause energy loss. Addressing these

© 2026 The Author(s). Published by the Royal Society of Chemistry
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challenges requires the introduction of functional materials and
molecules such as functional molecular bridges, modifiers, and
stabilizers. The objective of designing these materials is to realize
superior PSCs with enhanced stability and efficiency, thereby
achieving scalability. Molecular bridges enhance charge transport
processes and reduce energy loss,”>>'° whilst molecular
modifiers aim to improve charge extraction and passivation of
defects and trap states,”'® both contributing to enhanced
performance stability. Therefore, stabilizing materials function as
protective layers shielding perovskite from environmental factors
such as ultraviolet light, moisture, air, temperature, and other
elements that accelerate perovskite degradation.®®'”**'” Their
purpose is to ensure long-term device stability, thereby fostering
the scalability of PSCs. The objective of this section is to extract
the underlying rationale behind the application of functional
molecular bridges, modifiers, and stabilizers—namely, what
characteristics are required for functional materials to address
the performance bottlenecks in PSCs. These rationales will likely
lead to smart discoveries that advance research in this field.
4.1.1. Properties of ‘additives and spacer ions’ to enhance
the solar cell performance. In the photovoltaic research field,
additives hold significant potential for applications. To select
appropriate additives, there is one question that must be
answered. When selecting appropriate additives, one critical
question must be addressed first: “Which properties of additives
are suitable for enhancing the performance of solar cells?”” This
is the first question that every researcher must understand when
choosing additives for photovoltaic and energy applications. The
key characteristics of additives used to enhance the efficiency
and stability of solar cells include: defect passivation capability,
increase in crystallization in the absorber solar semiconductor,
improvement of charge transport and extraction across the layers,
enhancement of ion and carrier mobility, enhancement of light
absorption and harvesting, resistance to stress conditions,
prevention  of  material degradation and device
deteriorations.”"****  The mechanism is achieved via the
formation of acid-base adducts between Pb*>" and the lone-pair
electrons of nitrogen, oxygen and sulfur in the additives, as well
as hydrogen bonding interactions between additives and
formamidinium and methyl amine functional groups.*'®**'7*?
Spacer ions are crucial for enhancing the stability of PSCs, as they
prevent interlayer oxidation.”** While choosing spacing spacer
ions, they must meet the following requirements: size, solubility,
hydrogen bonding, shape and charge.”****® The number of
benzene ring, structure flexibility, size and chain length, types of
functional groups, and the combination of two or more spacer
cations on reducing lattice distortions, adjusting crystallization
and proper growth orientation, and stabilizing perovskite
structure and morphology are important considerations in
selecting organic spacer ions for solar cell applications.*?*"*** The
spacer ions play a role in enhancing the mobility of ionic charge
transport across layers while decreasing stack resistance.**
Furthermore, incorporating larger organic cations into 2D
perovskite structures can enhance the environmental and
structural stability of PSCs.****** Besides, PSCs require flexible
and hydrophobic organic spacer ions with shorter side chains.>*®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4.1.2. Properties of ‘ionic liquid’ required to enhance the
solar cell performance. Ionic liquids are highly suitable for
enhancing the efficiency and stability of solar cells. ‘How to
make ionic liquids suitable for solar cell research’ is the key
issue in selecting appropriate ionic liquids. Ionic liquids
possess highly important properties that can enhance the
performance of solar cells and general energy devices.>*’>*!
These properties include: the ability to interact with specific
components of the solar cell devices through structural
design, adjustable viscosity, excellent electrochemical
stability, high ionic conductivity, higher polarity, low melting
point, good thermal stability, and low volatility,>**>*
Through mechanisms such as passivation defects, trap states,
and recombination centers, as well as enhancing interfacial
energy level alignhment to improve charge carrier transport
and ion mobility between layers in the solar cells, ionic
liquids can enhance stability and efficiency.>**>

4.1.3. Properties of ‘capping layer’ required to enhance
the solar cell performance. Implementing capping layers to
enhance the performance of PSCs has become quite
common. However, the implementation of capping layers has
been a trial-and-error process.””* Considering this, a strategic
selection mechanism has been proposed, such as organic
molecules with small topological polar surface areas and low
hydrogen-bonding donors, which are associated with active
perovskite absorbers, to enhance the PSC stability.>**>**
Under this strategic approach, the use of a Cs,PbI,Cl,
capping layer has stabilized the perovskite/hole transport
layer interface and suppressed ion migration into the hole
transport layer, achieving five years of stability."*®**® The
advantages of capping layers in PSCs lie particularly in
changing surface chemistry to induce stable photoactive
layers. Due to their larger parcel size, they prevent most
incident light from directly transmitting through, thereby
protecting against methylammonium loss.*****® The primary
function of the capping layer is to suppress carrier surface
recombination and protect the active perovskites from
degradation. Its anti-reflective properties enhance short-
wavelength spectral response and improve charge carrier
collection.>”

Cation exchange properties are vital for enhancing the
performance of perovskite solar cells.>®® The primary
application of cation exchange in PSC is to improve material
properties, thereby enhancing the reproducibility and
performance. This improves the infiltration, penetration and
permeability of perovskites in the device structure's porous
configuration, reducing recombination and enhancing
absorption efficiency and stability.>** Such exchange may occur
at the A or B sites of the perovskite structure. However,
depositing 2D perovskites can impair reproducibility and
performance due to weak cation exchange capacity, poor
perovskite penetrations/infiltrations, strong binding energy,
limited absorption, and poor interfacial charge transport.’”® As
shown in Fig. 3, a Cs,PbL,Cl, capping layer has been
implemented to enhance the performance of PSCs, thereby
achieving better stability. Fig. 7 shows the uncapped (Fig. 7A)
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Fig. 7 Accelerated aging of PSCs under the ISOS aging standards. Reproduced from ref. 179 with permission from AAAS, Copyright, 2022. A)
uncapped and B) capped PSCs operating at 35°, 59°, 85°, and 110°C, with standard deviation envelopes. C) Natural logarithm of degradation rates
(Ktast and Ksiow) Versus 1/kgT obtained from biexponential fits to PCEs for uncapped and capped PSCs, where T is the aging temperature. D) Natural
logarithm of AF versus 1/kgT with the standard deviation represented by the shaded area around each line. E and F) Normalized PCE of uncapped

and capped PSCs plotted against the equivalent aging time at 35 °C.

and capped (Fig. 7B) perovskite solar cells, indicating that the
capped device exhibited superior performance compared to the
uncapped one. Furthermore, Fig. 7C shows the logarithmic
relationship between the decay rate of the uncapped and capped
devices, ie., 1/kgT, where kg and T represent the Boltzmann
constant and temperature, respectively. As a result, the decay
rate of the uncapped device is faster, while that of the capped
one is slower. Fig. 7D shows the logarithmic relationship
between the lifetime accelerated factor (AF) of the uncapped and
capped devices, i.e. 1/kgT. Fig. 7E and F show the relationship
between normal PCE and aging time at 35 °C, indicating that
the performance of the capped device is superior to that of the
uncapped one. The device successfully demonstrated in this
study achieved 10000 h of device stability. Thus, it is believed
that the ion exchange, passivation effect, and perovskite
infiltration properties have been significantly improved, thereby
reducing recombination effects and device instability.

4.1.4. Synergistic effects of phytochemicals in photovoltaics.
Why do phytochemicals play a crucial role in enhancing the
performance of solar cells? Which components are particularly
vital for this application? How much of these phytochemicals
are required to achieve high-performance solar cells? What
mechanisms are at play? Why do phytochemicals exhibit
unique applicability in the field of energy conversion? From the
perspective ~ of  enhancing PSC  performance, what
multifunctional advantages do they offer in terms of both
stability and efficiency improvements? Additives have

RSC Appl. Interfaces

widespread applications in fields such as batteries, solar cells,
and fuel cells, enhancing safety, cycling life, efficiency, and
performance through electrolyte optimization,
improving electrochemical properties.>*>** Among additives,
those with high phytochemical properties and compositions are
highly valued in the photovoltaic field. The roles of
phytochemicals include enhancing light absorption and
efficiency, photosensitization, and  crystallization. ~ The
composition of such essential phytochemicals include alkaloids,
tannins, terpenoids, betacyanins, anthocyanins, flavonoids, and
glycosides, as shown in Table 2.** When these compounds
coexist in the same plant source, their synergistic effects play a
crucial role. The origin of synergistic effects that enhance device
efficiency stems from the distinct roles each compound plays
within the system. For instance, flavonoids possess electron-
donating and -accepting properties, which further enhance
charge transport and thus improve device efficiency; glycosides
provide structural support for semiconductor materials such as
perovskites and other light-absorbing materials, enabling solar
cell devices to exhibit long lifetimes, impact resistance, and
durability, ensuring stable photoconversion efficiency during
longterm safe operation.”***® Moreover, phytochemicals
enhance the PCE by creating balanced charge mobility,
reducing recombination, providing photoprotection and
favorable morphology, and enhancing electron-hole transfer
characteristics.”*’ >  Furthermore, volatile solid additives
improve the repeatability and stability of solar cell devices.>*®

as well as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Promising phytochemical-rich plants for solar cells
Efficiency
No. Type of plant Phytochemical compounds achieved (%) Ref.
1 Aloe vera Chromones, anthraquinones, anthrones, steroids, tannins, 23.61% 270, 271
flavonoids, alkaloids, and phenolic compounds
2 Pomegranate (Punica granatum L.)  Phenolic acid, flavonoids, tannins, amino acids, and alkaloids 2.0% (ref. 272) 273
3 Ocimum gratissimum Flavonoids, alkaloids, saponins, phenolics, tannins and terpenoids ~ 1.81% (ref. 274) 275
4 Centella asiatica Sterols, phenolic acids, polyacetylenes, apigenin, patuletin, 18.5% (ref. 276) 277
kaempferol, rutin, flavonoid quercetin, madecassoside,
centellose, triaponosides, and triterpenoids
5 Punica granatum L. Phenolic acid, anthocyanins, anthocyanidins, flavanols 3.63% (ref. 278)
6 Turmeric and carotene dyes Curcumin, beta-carotene and lycopene 9.78% and 7.81% 279
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Fig. 8 Nanosized phytochemicals: A) different classes of photoprotective natural products, reproduced from ref. 280 with permission from
Springer Nature, Copyright 2020. B) Proposed working mechanisms of action of phytochemicals in photoprotective and free radical scavenging of

free radical oxygen species.

Phytochemicals  include  polyphenolic ~ compounds
produced in citrus fruits (flavanones), onions (flavonols),
berries, cherries (anthocyanidins), grape seeds

(proanthocyanidins), soy (isoflavones), green tea (catechins),
and others; flavonols, isoflavones, anthocyanins, catechins,
terpenes, resins, alkaloids, lignin, vitamins, and spirulina
(spirulina maxima), as shown in Fig. 8A. Furthermore, PSC
stability is affected by light intensity, such as ultraviolet (UV)
light. Therefore, it is necessary to utilize nanosized
phytochemicals from plant crude extracts as photoprotective
agents. These components possess UV absorption
capabilities, which can serve as UV filters and reduce UV-
induced reactive oxygen species, as shown in Fig. 8B.>*° This
represents a strategy for stabilizing solar devices through the
use of phytochemicals. What mechanisms underline the
advantages of phytochemicals? The primary mechanisms
have been reported as reflection, absorption and anti-oxidant
activity. These properties, derived from phytochemicals,
provide photoprotective benefits such as absorbing and
reflecting the most harmful UV light. This anti-oxidant

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

activity has also been proposed to scavenge free radicals
generated during photooxidation when exposed to light, as
shown in Fig. 8B.

Moreover, the mechanisms of action of phytochemicals
are particularly useful in the following areas: electrode
interaction: phytochemical compounds adsorbed on the
surface of solar cell electrodes overcome sedimentation that
can affect chemical interactions, active surface area, and
current flow within the electrodes.”®"*®> Charge transport
layer infiltration: phytochemicals help charge carriers easily
penetrate each layer and effectively collect charges at the
corresponding electrodes, thereby enhancing the charge
transport layer's ability to conduct electricity by effectively
separating electrons and holes.>®***** The antioxidant
performance can protect the active perovskite layer from
damage caused by oxidative stress (see Fig. 9).%°72%
Electrode morphology modification: Phytochemicals are used
as electrode additives to modify surface properties, shape,
particle size, electro-catalytic activity, nanoparticle growth
and aggregation, conductivity, physical adsorption, and
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Fig. 9 Schematics of phytochemicals against UV degradation, reproduced from ref. 292 with permission from Thieme Gruppe, Copyright 2008.

charge carrier transport.

Through

structure—property

changes, the morphology is optimized to enhance the device

performance,>#%2

4.1.5. Phytochemical crystal engineering. Although plant

chemicals have made significant contributions in various
applications, they also have drawbacks such as hygroscopicity,
chemical instability, high melting points, and low dissolution
rate and solubility.> To address these drawbacks, crystal

engineering  is

RSC Appl. Interfaces

a

promising

strategy.”**

Moreover,

multicomponent crystal engineering is a suitable method for
improving the physicochemical properties of phytochemicals,
such as compressibility, permeability, stability, dissolution rate,
solubility, and melting point.*****> Nernst-Brunner or Noyes-
Whitney equations for the solubility of phytochemicals are given
by eqn (14):

dM DA

= (Gmc (1)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Crystallization of organic molecules: a) order evolution of ibuprofen and (b) etoricoxib, where continuum crystallization depends on the
crystallization of initial intermediates’ degree of order evolution, reproduced from ref. 298 with permission from the American Chemical Society,

Copyright 2021.

where 7 is the thickness of the diffusion layer, D is the diffusion
coefficient, dM/dt is the dissolution rate, A is the solid surface
area, C; and C, are the concentrations of phytochemicals in
solution at equilibrium and ¢ is the time.**®

Therefore, crystal engineering is the mechanism for
obtaining high-quality organic crystals and purifying organic
compounds.>” In this case, Fig. 10a and b show that the
crystallization mechanism is not yet clear, but crystallization
occurs through two mechanisms: classical crystallization and
non-classical crystallization.>*® Classical crystallization occurs
when the crystal order increases from the molecular dissolved
state, while non-classical crystallization occurs in an amorphous
intermediate state. There is also a type of inclusive
crystallization known as continuous crystallization, in which
non-classical crystallization and classical crystallization occur
simultaneously. This crystallization provides new insights into
the novel mechanisms underlying the formation of
phytochemical compounds. Moreover, such co-crystallization of
phytochemicals has the ability to encapsulate other compounds

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

(possibly bioactive compounds or perovskites) to stabilize these
compounds, forming a porous matrix in which perovskites or
other bioactive compounds are integrated. Therefore,
phytochemical engineering is useful for the formation of larger
grains, fewer grain boundaries, lower defect density and the
inhibition of particle aggregation.”*®*?*% Phytochemicals may
interact with central atoms (such as Pb*, Sn*", and Cu®") in
perovskite materials to form larger grains with lower defect
density.®®" The inhibition of particle aggregation is achieved
through the use of reducing agents and capping agents and the
control of surface properties, shape, and size to prevent

aggregation and ultimately stabilize active
nanomaterials.>?%?0>3%3

Furthermore, this co-crystallization enhances the
encapsulated material's flowability, stability, anti-caking

properties, hygroscopicity, dispersibility, homogeneity, and
wettability.*** There are two main encapsulation methods:
thin-film encapsulation and glass encapsulation. Among
these, thin-film encapsulation is highly recommended due to
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its performance improvements,**> making phytochemicals a
viable thin-film encapsulation method for PSCs. Likewise,
the advantages of organic crystal engineering include: 1)
crystallization-induced properties, such as changes in
intermolecular interactions, chemical properties, non-
radiative decay pathways, enhanced photoluminescence,
water dispersion, and optical waveguide effects and 2)
morphology-dependent  properties.**® Moreover, organic
optical properties, such as amplified spontaneous emission
and optical waveguides, are highly dependent on crystallinity,
molecular arrangement, and crystal morphology.®*”*%%

4.1.6. Self-assembling small-molecules and polymer
heterointerface bridges. Functional additives, spacer ions, ionic
liquids, capping layers, and phytochemicals significantly
contributed to perovskite crystallisation and protection from
environmental and stress factors. The design of PSCs faces not
only challenges such as crystallisation and instability of the
perovskite active layer but also numerous bottleneck issues across
surfaces and interfaces, including those of the remaining
constituent materials (ITO, FTO, HTM, and ETL) and the
interfaces with the perovskite layer. Overcoming these surface
and interface bottlenecks strongly necessitates further innovation
in small molecules, such as self-assembling molecules, as well as
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larger polymer crosslinks and hetero-interface bridges.** '
Furthermore, as shown in Scheme 1a, bridging structures such
as the heparin sodium polymer heterointerface constitute
multifunctional intermediate layers characterized by SO;™ and
COO" functional groups that interact with metal cations such as
Na*.*'* These bridges possess a bottom surface, main backbone,
and top surface that promote interaction with electron transport
layers such as SnO, and perovskite active layers, forming robust
bonds, passivating defects, enhancing interfacial adhesion, and
facilitating electron transport. Meanwhile, crosslinked polymers
are essential for improving solvent resistance and high
mechanical stability by forming a 3D network (Scheme 1b). In
particular, crosslinked polymers are useful for forming interfacial
contacts between 2D and 3D perovskite layers, creating an
environment conducive to charge transport.*"® Hyperbranched
polymers are also crucial for reducing current leakage and
enhancing mechanical toughness in flexible perovskite solar
cells.*'® This innovative technology is indispensable for achieving
the optimal trade-off between efficiency, stability, and scalability
in further improvements towards the commercialization of PSCs.

Furthermore, self-assembled and co-assembled molecules
form ultra-thin, strongly ordered layers, achieving excellent
orientation and uniformity by adjusting the interfacial energy
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Scheme 1 a) Schematic of the mechanism by which HS connects SnO, and perovskite layers and passivates defects at the buried interface,
reproduced from ref. 314 with permission from Nature publishing group, Copyright 2025. b and c) Schematic of the device structure, the
deposition of the 2D perovskite layer and the molecular structures and synthesis process of POSS, EDMA and the CLP, reproduced from ref. 313
with permission from Nature publishing group, Copyright 2023. d) Schematic of the p-i-n structure of PSCs, including the molecular structures of
carbazole-based MeO-2PACz and Me-4PACz, reproduced from ref. 317 with permission from Wiley, Copyright 2024. e) Structure of the self-
assembling molecule, reproduced from ref. 323 with permission from Wiley, Copyright 2025.
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level, thereby improving the trade-off between efficiency and
stability (see Scheme 1d).**”2* Such molecules possess
terminal groups interacting with perovskites, anchor groups
interacting with the hole transport layer, and spacers linking
the terminal and anchor groups, forming vertical or slightly
inclined angles (see Scheme 1e).’** These self-assembled
molecules  also  exhibit  hydrophobicity, —with their
hydrophobicity varying from low to high, as shown in
Scheme 1d. This is an essential property for the development of
moisture-resistant PSCs. This orientation provides excellent
adhesion, coverage, and ultra-thin film layers for hole transport.
Furthermore, interactions within the self-assembled
molecules promote the formation of ordered monolayers or
bilayers with hydrophilic surfaces. This enables large-area, high-
quality formation with reduced defects while pre-enhancing
efficient charge extraction and transport at the interface.*'
Furthermore, the chemical limitations of surfaces and
interfaces present an urgent challenge requiring surface and
interface engineering using small molecules, such as self-
assembled monolayers (SAMs)*** and bilayer films,***> with
the aim of enhancing both efficiency and stability. As shown
in Fig. 11a, the functionalisation of self-assembled materials
fundamentally involves: 1) terminal groups that interact with
perovskite materials to determine interfacial and surface
properties, functioning as functional groups of the structured
organic molecules; 2) spacers: components that bind to the
perovskite via weak interactions such as van der Waals forces,
linking the terminal groups and anchor groups to ensure

T—TC
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functionality; 3) anchoring groups: components that interact
with the substrate via coordinate or covalent bonds, enabling
high substrate transparency. The primary reasons for
applying these self-assembled layers are their low cost, their
non-acidic nature within the system, and the improvement in
device efficiency and stability afforded by the chemical
bonding that facilitates their coupling with the substrate.

The ultimate goal of applying SAMs is to overcome both
surface and interfacial chemical limitations that inhibit efficient
charge transport characteristics: 1) dysfunction at buried
interfaces due to suboptimal energy levels, defects, stress, and
potential-induced  degradation and 2) high carrier
recombination at vacancy sites caused by imperfect lattice
structure crystalline surfaces, ion migration, dangling bonds,
and chemical corrosion across the entire interfacial layer.
Consequently, understanding the concept of self-organizing
materials and their impact on overcoming the limitations of
interfacial chemistry is imperative, with research underway to
realize efficient and stable devices, as depicted in
Fig. 11b and c. The unique property of self-assembling materials
is based on their ‘three-in-one strategy’. This strategy combines
three functional approaches: 1) achieving transmittance and
stabilization of the surface atoms of the substrate, which is part
of the concept of anchoring chemistry, 2) maintaining the tight
packing barrier, which is part of the linker or spacer, and 3)
improving surface and interfacial properties. A particularly
striking way to express this concept is through the “three birds
with one stone” strategy. This strategy applies an “integrated

VAY
Surface and interfacial chemistry limits <IOI>
\ o i ATEY
a) 1 kY \4
| ] FTO .
HOL_,0 W0 \
EADRO3 - c)
E Result .
=2 R~
H &
= ” \,A\w
[ 4
= 4
v B {
[ — —
z/w \
L
¥ i g ¥
| Surface Recombination | 3 _gn
& =
> 2
= %
=<
£

Y
©
(=]

Neutralizing dangling bonds, reducing surface states and reducing surface reactivity

Modifications

[ o PR

Fig. 11 Schematic of the highly efficient and stable PSCs: a) device configuration, b) mechanism of action and c) demonstration of enhanced

trends in efficiency and stability.
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approach concentrating three or more functions within a single
molecule™ a) structural design that suppresses carrier
recombination and achieves uniform electric field distribution
by expanding the electrode area. b) Optimization of self-
assembled molecular layers: reduction of surface and interfacial
defects, prevention of reactions between methylammonium/
formamidinium and the substrate due to voltage bias, and
realisation of thin-film formation through the morphological
arrangement of crystallites. Furthermore, this integrated
strategy achieves surface and interfacial defect reduction,
prevents corrosion-inducing side reactions, and realises surface
atomic-level stability through the formation of thin films via the
morphological arrangement of crystallites. ¢) Optimization of
self-assembled molecular layers: reduction of surface and
interfacial defects, prevention of corrosion-inducing side
reactions, and realization of thin-film formation through
morphological alignment of crystallites. Furthermore, this
integrated strategy provides novel solutions to interfacial
chemical constraints (such as interfacial side reactions),
ultimately enhancing carrier transport by preventing ion
migration, thereby simultaneously improving device efficiency
and stability. Furthermore, appropriately designed molecular
structures facilitate the formation of high-density monolayers
and the removal of steric hindrance, enabling optimized SAMs
to achieve complete area coverage and attain a tightly packed
structure with high density.

Therefore, the degree of coverage, amphiphilic nature
leading to unwanted self-aggregation, close packing, acidity,
density and ordering of SAMs are important aspects to be
considered in the optimization of SAMs.*** On the other hand,
thermal stability, chemical reactivity in aqueous solutions and
at ambient temperature, the process on irregular and planar
surfaces, the limits of interfacial chemistry and the structure of
self-assembling molecules such as dithiols, carbazole, and
thiols deserve much attention and remain unclear.>?® Therefore,
economical and scalable large-scale fabrication and
susceptibility to degradation under extreme weather conditions
are also important issues that require careful attention to
advance the energy application of SAMs and multilayer
molecules in optoelectronic devices. Note that the functionality
of the head group, chain length and molecular mobility are
useful for the molecular design of self-assembled layers. The
introduction  of hydroxyl, amino groups, 1-ethyl-3-
methylimidazolium tetrafluoroborate, diamine hydrobromide,
organic salts, ionic liquids, MABr and MACI, halogens, -SCH3,
etc. would improve the homogeneity of SAMs on MOs, the
wettability of perovskite on SAMs, and the interaction between
perovskite and SAMs (Fig. 11b).**”*° Consequently, special
attention should be paid to the ‘three fly with one flap’ strategy
or the ‘all-in-one integration’ strategy when dealing with self-
assembling monolayers and multilayers in the field of energy
applications.?*°

The mechanism of action of SAMs in inverted PSCs is as
follows: i) stabilization through increasing electron density
and enriching molecules with electrons, particularly via their
electron-donating effect;>*! ii) stabilization of molecules via
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the mesomeric effect, specifically through their ability to
delocalize electrons;*** iii) the p-n homojunction between
the perovskite layer and the hole transport layer generates an
internal electric field within the perovskite layer, promoting
charge carrier transport.>***** This generates an internal
electric field within the perovskite layer, enhancing charge
carrier transport;****** and iv) functional chemical
modification or activation of the terminal regions of self-
assembled molecules. This improves interactions with the
perovskite. The application of SAMs and understanding their
induced effects on PSC performance remain a challenging
and confusing topic. To simplify this confusion, the
structure of PSCs (planar and inverted types) in particular
the types and functions of induction effects on molecular
electron density and charge transport capability. Specifically,
factors such as the types of substituents on molecules
(electron-donating groups, electron-withdrawing groups, etc.)
and their combinations enhance hole and electron
extraction, improve charge transport properties between
layers, and enable optimal arrangement and compatibility to
overcome the chemical limitations of hidden interfaces.
These elements turn out to be more important than
researchers often expect. More specifically, the induction
effect utilizes the phenomenon of permeation bonding,
which influences the electron density of the sigma bond,
thereby promoting charge transport between interfacial
layers. Conversely, the conjugation effect (resonance effect),
as shown in Fig. 12, utilises the phenomenon of spatial
permeation, which influences the delocalized n-electron
density.**

The electron-donating properties of the inductive effect
enhance the resonance effect, whereas its electron-withdrawing
properties inhibit it. In specific organic molecules where both
electron-donating inductive effects and resonance effects are
present, the increased electron density stabilises the molecule,
promotes charge injection and extraction at the interface, and
ultimately enhances the device efficiency and stability. For
example, as shown in Fig. 12a and b, the combination of the
presence of amino, methyl, and methoxy groups with resonance
effects improves charge transport, enhancing both device
efficiency and stability. Conversely, electron-withdrawing nitro
groups inhibit resonance effects, reducing charge transport
within the device and consequently diminishing both device
efficiency and stability. Based on this understanding, the order
of molecules from those exhibiting low to high levels of
electron-donating induction effects and conjugation effects is:
Ph < -OCOR < -NHCOR < -OR < NH, < -O. Conversely, the
order of electron-withdrawing effects that inhibit conjugation,
from low to high, is: -CONH, < -COOH < -COOR < -COR <
-CHO < -SO;H < -CN < -NO, (see Table 4). The electron
density of aromatic rings is enhanced and activated by electron-
donating groups, thereby increasing the reaction rate of
electrophilic substituent. This is highly beneficial in inverted
PSCs. Conversely, the electron density of aromatic rings is
reduced and deactivated, inhibiting the reaction rate of
electrophilic substituent.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Electron-withdrawing groups (EWG), such as NO,
have a strong tendency to pull electrons towards
themselves due to their electronegativity. This property
can be utilized to enhance electron extraction in
perovskite solar cells. EWG, such as NO,, have a
strong tendency to pull electrons towards themselves
due to their electronegativity. This property can be
utilized to enhance electron extraction in perovskite
solar cells. When NOs is incorporated into a molecule
used in the ETL or as a passivation layer on the
perovskite surface, it can facilitate electron extraction:
Enhanced electron transfer: By drawing electron
density away from the perovskite layer, the NO, can
help to lower the energy barrier for electrons to move
from the perovskite to the ETL. Improved interface
contact: The dipole moment created by NO; can also
improve the contact and adhesion between the
perovskite and ETL, leading to more efficient charge
collection.
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b) Inverted perovskite solar cell
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Electron-donating groups (EDG), like those containing
lone pairs of electrons (e.g., -OMe, -NH>), can donate
electron density into a molecule's pi system, increasing
the electron density within the molecule. EDG facilitate
hole extraction and blocking electron extraction
by creating a favorable energy level alignment at the
interface between perovskite) and the hole transport layer
(HTL) reducing energy losses. e.g. PyAA-MeO. EDG
can be incorporated into molecules at the interface
between the perovskite and the HTL. These groups can
influence the dipole moment and molecular orientation of
the interface, which in turn affects the energy level
alignment . By optimizing the energy level alignment,
EDG can create a more favorable energetic landscape for
hole extraction. Inverted perovskite solar cells benefit
from EDG at the interface, facilitating hole extraction
by tuning the energy levels and reducing defects.

d) “face-toface”.

Fig. 12 Proposed application of electron-withdrawing (a) and electron-donating (b) groups in the PSC device architecture; c) edge-to-edge
manner and d) face-to-face manner of interaction of anchoring group to the metal oxide surface, reproduced from ref. 336 with permission from

MDPI, Copyright, 2019.

Table 3 Basic concepts for the selection of substituents and self-assembling molecules with the impact shown in Fig. 13 as an example

107

Impact on electron density of the

Type of inductive ortho-, para- and/or

core Substituent in SAMs effect meta-Directors
Very strongly activating (o8 HLMHM
Strongly activating -NR;, -NHR, -NH,, -OH, -OR HI< ()M o, p-Directors
Moderately activating -OCOR, -NHCOR, -C¢Hjs HI< (M o, p-Directors
Weakly activating —-CH3;, -CR; (H1 o, p-Directors
Weakly deactivating -F, -Cl, Br, I =L HM o, p-Directors
-CH,Cl, -CH—CH-COOH
-CH=CH-NO,
Strongly deactivating —-COR, -CHO, -COOR, -CONH,, -COOH, HI>HM m-Directors
-SO;H, —CN, -NO,
Very strongly deactivating -NH3, -NR; ()1 m-Director

The presence of an electron-withdrawing group at the
anchor site enhances the molecule's electron affinity,
thereby strengthening its bond to the substrate.
Conversely, the presence of an electron-donating group
increases the molecule's electron density, reducing its
electron affinity and weakening its bond to the substrate.
This can potentially affect the molecular orientation at the
surface, the overall packing density of the self-assembled
monolayer (SAM) and its stability. Conversely, when an
electron-withdrawing group is present at one end and an
electron-donating group at the opposite end, a dipole

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

moment (pull-push system) arises, improving the hole
injection efficiency between layers. Furthermore, the
presence of an electron-donating group at the end
increases the molecule’s electron-donating  ability,
promoting charge injection and extraction by adjusting the
molecule’s HOMO level. In planar PSC devices, employing
electron-withdrawing groups as the electron transport layer
enhances electron extraction while using electron-donating
groups, as the hole transport layer improves hole
extraction. Furthermore, this approach can enhance the
morphological quality of the thin film.
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Table 4 Classification of X substituents according to their behaviour in
aromatic electrophilic substitution reactions, reproduced from ref. 346
with permission from MDPI, Copyright 2021

X Activation Electronic effect Directing effect
o +e +I/+M olp

NH, +s ~1/+M olp

SH +m ~1/+M olp

CH;, R +w +1 olp

F* +w -1/+M P

F* -w ~-1/+M 0

Cl, Br, I -w ~-I/+M olp

NO,, CN - -1/-M m

CF;, NH;" -s -1 m

“F group is understood to be a weak activating substituent in the
para position and a weak deactivating substituent in the ortho
position. The e, s, m and w labels refer to the extreme, strong,
medium and weak effects, respectively, while + and — are the signs of
activating and deactivating groups, respectively. Likewise, the +
indicates whether the group donates or extracts electronic charge
from the ring, whereas M and I refer to the mesomeric and inductive
effects.

Understanding the influence of interactions between
anchoring and terminal ends on SAM properties, and
grasping the selection and impact of electron-withdrawing or
electron-donating groups strategically applied to either device
structure (inverted or planar), is crucial for optimizing
essential parameters such as charge extraction, injection, and
transport, preventing ion migration, reducing recombination
through interface energy level alignment, and enhancing
device efficiency and stability by eliminating surface trap
states. Advantageously, control over molecular orientation on
the substrate surface, work function adjustment, and charge
transport enhancement are customisable.**” Furthermore, as
shown in Table 4, considering the influence of substituent
positions on the anchor and terminal groups on molecular
stability and acidity is also highly beneficial. For example,
meta- or para-substituted nitro groups enhance acidity by
stabilising the negative charge of specific anchor anions and
removing  electron  density, whereas para- and
meta-substituted methoxy and amino groups reduce anion
acidity, thereby destabilising the molecule. Compared to meta
and para positions, the ortho effect stabilizes the anion by
enhancing the acidity of the molecule.

Fig. 12c and d indicate that the positional alignment of
the anchor group with the metal surface is a critical
consideration requiring greater attention to achieve high Voc
and photocurrent associated with dense coverage on metal
oxide surfaces. Edge-to-edge interactions are preferable to
face-to-face interactions as they yield superior coverage.**®3%*
Conjugated effects enhance stability by reducing bond-length
alternation, amplified by the delocalization of cyclic =«
electrons. Conversely, the cyclic delocalization of substituted
n electrons induced a non-additive energy effect, as shown in
Fig. 13a, arising from interactions between the reactive site
functioning as the transfer portion and different substituents
assigned as x, y, and z. This non-additive energy is termed

RSC Appl. Interfaces
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the substituent effect stabilization energy, the principle being
that ‘the greater the substituent effect stabilization energy,
the stronger the stabilizing effect conferred by the
substituent effect’.*** Such transfer groups contribute to
efficiency enhancement in solar cells by allowing light
transmission to promote charge separation at the donor-
acceptor interface, generating free charge carriers, and
transporting these free carriers across the layer to their
respective charge collection electrodes. Charge collection,
charge generation, and light absorption are key requirements
necessitating optimization. Furthermore, charge transport
within the perovskite layer, energy levels (HOMO/LUMO), and
light absorption are critical points requiring careful selection
of the transparent base layer to enhance the device efficiency
and stability. For instance, furans and thiophenes lower the
energy of effective charge transport transitions while
providing efficient conjugation, whereas benzo[1,2-b:4,5-b']
dithiophene®*® and indacenodithiophene®*! are effective
electron-donating groups. Such substituents are necessary to
improve the solubility and morphology of thin films for
enhanced solar cell performance. For this purpose, longer-
chain alkyl groups and phenyl groups prove beneficial. In
this context, the crucial activity for researchers lies in the
selection and arrangement of these moieties within the
molecule.

Furthermore, as shown in Table 3 and Scheme 2, the
highest degree of mesomeric effect fictionalization to
enhance charge transport processes is achieved at the ortho
and para positions of the ring, whereas it is weak at the meta
position. In addition, the inductive effect and mesomeric
effect depend on the position of the anchor group intended
to form a bond to the substrate surface (Fig. 13b). A long
linker induces strong intermolecular packing to avoid
intermolecular interactions, causing chains to spread apart
and widening the tunneling barrier, thereby inhibiting charge
transport and rendering charge injection and extraction
inefficient.

Conversely, a short linker increases intermolecular
interactions, bringing the anchor group and terminal group
closer together. This weakens molecular packing with the
perovskite, accelerating charge tunneling and enabling an
efficient charge transport process. For example, the methoxy
group at the 4-position in MeO-4PACz achieves a weaker
electron-donating effect than that of the methoxy group at
the 2-position in MeO-2PACz, thereby readily enhancing the
charge transport process.*’ The primary roles of methoxy
substituent are electron donation, significant intermolecular
charge transfer, non-additivity of the electric dipole moment,
and changes in geometric structure that enhance stability
(Fig. 13c). However, when both substituents possess electron-
donating properties, the system becomes unstable due to
electrostatic repulsion and the formation of high electron
density. The introduction of electron-withdrawing groups can
stabilize the molecule through their ability to reduce electron
repulsion. This arises from their property of pulling electron
density away from the positively charged centre, thereby

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Inductive and mesomeric effects: representation of a) localized sigma bond electron density and delocalized n-electron density

orientation for polarization, reproduced from ref. 342 with permission from Wiley-VCH, Copyright 2022. b) Inductive and mesomeric effects with
the inductive effect of the electron-donating amino and electron-withdrawing nitro substituents in aniline and nitrobenzene; reproduced from ref.
343 with permission the Royal Society of Chemistry, Copyright, 2016. c) Inductive effect of bromine, methyl and methoxy substituent groups in
stabilizing the (E)-3-(pyren-1-yl)acrylic acid (PyAA), (E)-3-(6-bromopyren-1-yl)acrylic acid (PyAA-Br), (E)-3-(6-methylpyren-1-yl)acrylic acid (PyAA-
Me), and (E)-3-(6-methoxypyren-1-yl)acrylic acid (PyAA-MeO) conjugated systems, reproduced from ref. 331 with permission from Nature

publishing group, Copyright 2025.

contributing to the overall stabilization of the molecular
system.

Understanding the inductive effects of the substituent
groups on the anchoring group such as cyanoacetic acid
(-CH,(CN)COOH), phosphonic acid (-PO3;H,), and carboxylic
acid (-COOH), which matters its interaction with the substrate
(such as NiO,, FTO, ITO), is highly necessary. For instance,
introducing an F atom into acetic acid reduces the pK, value
from 4.86 to 2.59. Introducing a Cl atom into butanoic acid
reduced the pK, value from 4.06 to 2.84.>'> Halogens are atoms

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

with high electronegativity, acting as aromatic deactivating
groups by repelling electron density, thereby promoting electron
extraction from n-type semiconductors to the corresponding
electrodes. The effect of halogen-containing SAMs in n-type
semiconductors is to lower the LUMO energy, facilitating
energetically favorable electron extraction from the perovskite
(see Table 4 and Scheme 2).%*3%°

Conversely, electron-donating groups increase electron
density on the aromatic ring, promoting hole extraction. In
p-type HTLs, electron-donating groups increase the HOMO

RSC Appl. Interfaces


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lf00084c

Open Access Article. Published on 04 June 2026. Downloaded on 6/25/2026 8:12:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Review RSC Applied Interfaces
Baseline
o - ; (8
.o o e ! .o n
alkoxide hydroxy alkoxy —CH,CH, —Cl: /C\R cyano
y-R | carbonyl —
—N_ 0 CH, — e ! NO,
R(H) JL —0” R | : - nitro
amine SN R _CI:CHs i —SO04R
|!| ester CH,3 sulfonyl —CF,
haloalkyl
amide 1  halo ®
alkyl : —NR,
ammonium
Strongly Activating Deactivating Strongly
Activating Deactivating

Scheme 2 Activating and deactivating groups in electrophilic aromatic molecules, reproduced from ref. 349 with permission from Master Organic

Chemistry LLC, Copyright 2025.

energy, reducing the energy barrier for holes by better
aligning energy levels, thereby favoring hole extraction (see
Scheme 2).****” Crucial here is understanding the position
of the substituent, the type of substituent, and the effect the
substituent has on the anchor group's interaction capability,
bond-forming ability, and interface stabilization capability
with the substrate.**®

Furthermore, it is crucial and cannot be overlooked to
understand the substituent's interaction capacity with the
perovskite at the terminal or functional group, its ability to
stabilize the interface with the perovskite, and its ultimate
impact on the charge transport properties of the self-
assembled molecules within the device performance. This
leads to a big question: how can self-assembled molecules
overcome the energy mismatch and barriers arising at the
interface? This concern is a critical issue, necessitating the
elucidation of the operating mechanisms within the
interfacial layer. This is because, if appropriately optimized,
it can contribute to enhancing the performance of PSCs.
Consequently, understanding the charge extraction and
injection characteristics of SAMs becomes an essential
research topic for PSCs. Therefore, the intrinsic properties of
self-assembled molecules—namely, the alignment of the
HOMO-LUMO gap with the metal electrode or metal oxide
substrate, the electron-hole tunneling effect via the transfer
site, and the molecular length—influence the charge
transport characteristics of the target molecule.**® Electron-
donating groups lower the HOMO level, reducing energy loss
by bringing it closer to the perovskite Fermi level, decreasing
the work function, and improving junction characteristics.
This enhances the hole extraction efficiency, thereby
improving device performance. In this case, the molecular
level near the Fermi level, namely the HOMO, governs the
tunneling process, and the tunneling decay depends on the
energy separation A = E_(Fermi) - E_(HOMO).**°

Generally, the principles governing strong acids and
strong bases, as well as weak acids and weak bases, influence

RSC Appl. Interfaces

the formation and application of self-assembled molecular
structures. Similar to weak acids and weak bases, strong
bases and strong acids promote mutual interactions, forming
specific self-assembled molecules. This
principle proves useful for monitoring and predicting diverse
nanostructures, ranging from simple to complex. Hard bases
are species with low polarizability, high electronegativity, and
low molecular weight, such as anions containing F~ or O".
Conversely, hard acids are species with low polarizability,
high charge density, and low molecular weight, such as
highly oxidised metal cations or H*.>*?

A key principle of this acid-base theory is that hard bases
favour interactions with hard acids, primarily forming strong
ionic bonds, whereas soft bases favour interactions with soft
acids, typically forming strong covalent bonds.**’ Such
favourable interactions serve as the driving force inducing
specific structures in self-assembled molecules and
monolayers. A crucial point that this review should address is
the significant influence of the hard acid-hard base principle
in SAMs on buried interface design aimed at improving
energy matching in PSCs. Among self-assembling molecules,
those possessing strong acids exhibit high LUMO due to their
strong electron-withdrawing properties. Conversely, self-
assembling molecules containing strong bases such as NHj,
Cl, F, or HO exhibit low HOMO due to their electron-
donating properties towards metal cations or H'. The
introduction of strong bases into PSCs induces three major
effects: i) energy level alignment via electron donation from
the hard base due to polarisation or charge transfer at the
interface. This shifts the energy levels of the participating
materials. ii) Hard base-induced interfacial dipoles arising
from polarisation or charge transfer at the interface, which
either lower or raise the energy levels depending on the
nature of the interaction. iii) Modification of the electronic
structure due to interactions between the hard base at the
interface and the electronic structure of other layers. This
leads to a revision of the existing energy levels. The

structures in

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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lf00084c

Open Access Article. Published on 04 June 2026. Downloaded on 6/25/2026 8:12:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

View Article Online

Review

Interface Modification
E a)

Upward surface band bending

v

Soft base + soft acid -==

—_—— -
1 AE,
=== | Hard base + hard acid

HARD SOFT ACID BASE LIST

Hard Intermediate  Soft
Acid Acid Acid

Hard Intermediate ~ Soft
Base Base Base

N
| | HOMO

A\ 4
\/

Fig. 14 Mechanism of action of the hard base and soft base-induced energy level alignment between the perovskite and the hole transport layer
in the n-i-p device architecture (a), reproduced from ref. 352 with permission from the American Chemical Society, Copyright 2023. Formation of
molecular orbitals by the interaction of HOMOs and LUMOs with different energy levels and energy release (b) and energy gain (c) along with
periodic table of hard soft acid-base theory (d), reproduced from ref. 342 with permission from WILEY-VCH GmbH, Copyright 2022.

mechanism of action induced by hard bases involves bending
of the surface band and creation of new energy states,
promoting alignment of energy levels, as shown in Fig. 14.*>*
Trioctylphosphine oxide is a hard base, whereas
n-octylammonium iodide is a soft base, enabling
optimisation of the energy levels between the perovskite and
HTL interface, as shown in Fig. 14a.

The soft base n-octylammonium iodide influences the I/Pb
ratio, inducing Donnes-type band bending at the perovskite
semiconductor interface. This alters the energy alignment,
improving charge transport in planar PSCs (Fig. 14b).***
Furthermore, the n-octylammonium iodide soft base reacts with
soft acids or boundary line acids present at the interface, such
as Pb**, inducing weakly covalent interactions. The participating
atomic orbitals have closely spaced energy levels, and the strong
covalent bond formed by the corresponding molecular orbitals
results in a small energy gap. Consequently, significant energy
release occurs, as shown in Fig. 14b. Electron emission from
the hard base of trioctylphosphine oxide induces band bending
and level shifting of the HOMO level near the valence band of
the perovskite, creating a state favourable for hole injection.
Conversely, interaction with the molecule raises the energy of
the LUMO level, levelling it far from the perovskite conduction
band, thereby inhibiting electron injection. The oxygen atom in

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

trioctylphosphine oxide possesses strong electronegativity and
interacts with strong acids such as boundary acids like Pb*", H,
and CH;NH;". Demonstrating strong electrophilicity, this leads
to intense ionic interactions. The participating orbital possesses
a large energy gap, allowing molecular orbitals to form with a
smaller energy increase, as shown in Fig. 14c. Fig. 14d presents
the periodic table based on the hard-soft acid-base theory
classification of elements. This table assists researchers in
understanding the characteristics of each element, aiding
comprehension of the nature of bonds formed and interaction
tendencies during reactions.

Understanding the nature of the HOMO-LUMO gap in self-
assembling molecules is crucial, as it provides a fundamental
criterion for efficient charge transport processes.’”® This gap
reflects how readily a molecule can participate in charge
transport processes. A smaller gap indicates a more reactive
molecule, while a larger gap signifies a more stable, less reactive
molecule. A smaller gap facilitates faster charge transport,
requiring less energy for the free movement from the HOMO to
the LUMO. Conversely, a larger gap slows the charge transfer
process, necessitating greater energy for the free electron
movement from the HOMO to the LUMO. Furthermore, the
greater the energy difference between a molecule's HOMO and
a semiconductor's valence band, or between a molecule's LUMO
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and a semiconductor's conduction band, the greater the energy
required to transport holes and electrons between these
respective energy bands and orbitals. Conversely, a smaller
energy difference necessitates less energy for electrons to move
between these energy bands and orbitals. Furthermore,
molecules with a large HOMO-LUMO energy gap and a small
energy difference between the HOMO and valence band in the
semiconductor, or between the LUMO and the semiconductor's
conduction band, are favorable for solar cells. This large
HOMO-LUMO energy gap renders the molecule a more stable
HTL or ETL, while the small energy difference between its
HOMO and the semiconductor's valence band, or between its
LUMO and the semiconductor's conduction band, means that
the energy required for hole and electron transport within the
energy band gap is low, making the molecule an efficient HTL
or ETL. This characteristic makes spiro-OMeTAD a more
suitable HTL in perovskite solar cells. Specifically, this is
because it possesses a large HOMO-LUMO energy gap of 2.7 eV
and a small energy difference between its HOMO level and the
valence band of the perovskite. That is, as shown in Fig. 15,*** it
is 0.09 eV from the VB of CsPbl;, 0.23 eV from the VB of
MAPDI;, and 0.3 eV from the VB of AFPbI;. This fundamental
principle provides a useful guideline for material selection
aimed at PSC applications. Furthermore, the HOMO-LUMO
energy gap of a molecule is determined by the strength of the
interaction energy between the donor and the acceptor and the
energy difference between the donor's HOMO and the
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acceptor's LUMO. Here, the interaction energy is inversely
proportional to the HOMO-LUMO energy gap.>>®

4.2. Innovative interfacial chemistry engineering approaches

Innovative approaches may be interpreted in the development
of novel manufacturing techniques, device structure design,
surface and interface modification technologies, and the
creation of new alternative semiconductor materials.
Optimizing and integrating all these innovative approaches
would constitute a superior strategy for researchers, industry,
and enterprises to pursue, thereby charting a path towards
successful commercial viability in the marketplace. In
advancing these challenging yet necessary new innovative
approaches, it is essential to clearly identify bottlenecks
involving trade-offs between efficiency, stability, and scalability.
inverted PSCs represent an
attractive new research area, possessing unique advantages and
potential despite acknowledging their weaknesses. Challenging
yet indispensable innovative approaches, specifically tailored to
this device structure, are being designed to achieve future
commercialization.

Inverted PSCs represent the most promising type of PSCs
due to their potential stability, scalability, and the possibility
of rapid efficiency improvements. they face
inherent bottlenecks that require resolution. The main
i) low efficiency due to chemical

Considering device structures,

However,

challenges are as follows:
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limitations at interfaces (charge accumulation, defect
formation, recombination promotion by surface states,
mismatched interface energy levels, etc.). The buried interface
between the perovskite and the substrate is particularly
problematic, and strategies to minimise this are underway.*>*
ii) Increased series resistance due to poor contact between
the perovskite layer and the charge transport layer; this
impedes efficient charge extraction and reduces device
efficiency.®®” iii) Ton migration induced by tensile strain from
the firing temperature, which degrades device efficiency; as
reported elsewhere, this necessitates advanced control
techniques.®® iv) Poor interface alignment. Energy level
mismatches between the charge transport layer and
perovskites inhibit charge extraction and increase non-
radiative recombination.”® v) Formation of built-in
potentials at weak bonding sites in homojunctions; this
arises from the differences in work function and energy
levels. While control via work function adjustment is
considered feasible, it is reported as a potential issue. It may
induce defect generation and extensive depletion layer
formation, thereby degrading device performance.*® This
occurs at the perovskite/HTL interface due to mismatched
work functions and energy levels, strain, homojunction and
inhomogeneity, forming a broad, defective depletion layer
that compromises device stability and efficiency.*®" vi)
Inconsistent or non-uniform and poor quality film is
common in PSCs, hindering its reproducibility and
performance  enhancement.’®>  vii)  Potential-induced
degradation under operating conditions exposed to light and
voltage can cause efficiency losses, particularly in short-
circuit current.*® viii) Unsaturated dangling bonds and non-
ideal crystallisation are the root causes of imperfect lattice
structures and defective surface lattice arrangements, leading
to environmental degradation, ion migration, and carrier
recombination, which compromise device efficiency and
stability.*** ix) Poor wettability of perovskites, stemming from
inadequate interaction between perovskite ink and SAMs,
results in the formation of perovskite films riddled with
morphological pinholes.*”**> Furthermore, as shown in
Table 4, the success of inverted PSCs depends on
understanding the following performance bottleneck issues:
a) nature of the ITO/NiO, interface; b) nature of the NiO,/
perovskite interface; c¢) selection and electron-donating
properties of hole-selective SAMs; d) selection and electron-
accepting properties of electron-selective SAMs; e) properties
of the perovskite/ETL interface; f) properties of the electron-
selective interlayer/Ag/Au interface; and g) properties of
nucleation and SAM growth orientation during the
deposition process. The proposed bottleneck issues arise at
the ITO/NiO, interface and the NiO,/perovskite interface, and
are related to the following factors: a) the inherently low
conductivity of NiO,, oxidation of I by Ni** and the
deprotonation of amines (creating a barrier rich in
PbI,__xBr_x), b) formation of excess oxygen vacancies due to
non-stoichiometric Ni**/Ni**, ¢) diffusion outflow of VNi, d)
difficulty in controlling the Ni** concentration, e) poor

© 2026 The Author(s). Published by the Royal Society of Chemistry
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adhesion to ITO, f) heterogeneous NiO, films with variations
in thickness and coverage, and g) energy level mismatch at
the ITO/NiO, interface, unrealistic maximum valence band
energy of NiO,, substrate surface OH groups, particle
aggregation, and incomplete coverage of the transparent
conductive oxide (TCO) substrate due to poor dispersion of
NiO, nanoparticles. Peroxide modification®*® and surface
redox control are proposed as two approaches.*®*7°
Furthermore, the orientation of molecular dipoles (away from
or towards metal oxide surfaces such as NiO,) arising from
electron-donating and electron-withdrawing groups is highly
confusing, as reported in the discussion concerning
phenylphosphonic acids. The molecular dipole effects of
MPPA-NiO, and CNPPA on the p-i-n device structure®”"
differ from the results observed in the n-i-p device
structure.””” These bottlenecks in inverted PSCs suggest that
researchers should urgently seek sustainable solutions to
bring inverted solar cells to the practical stage. To enhance
progress in inverted PSCs and disseminate the achievements
to the scientific community, Table 5 systematically
summarizes the latest research results largely unreported in
other literature reviews.”>>?”**7> Consequently, intensive
efforts are being directed towards surface nanostructuring
techniques,®’® embedded interface design techniques,*””
surface redox control technologies, and the application of
peroxide metal oxide surface modification strategies. These
approaches are anticipated to substantially improve the
weaknesses currently impeding the practical implementation
of reverse PSCs.

4.2.1. Flawless and surface-nanostructured film strategy.
The existence of thin films possessing these two
characteristics is highly sought after in high-performance
energy devices. Whilst continuous, smooth, defect-free thin
films with reduced imperfections are essential for efficient
charge collection, nanostructured layers achieving increased
surface area via nanocrystalline solution processes are
necessary for improved interlayer and surface contacts. This
synergistic coexistence constitutes the requirement for solar
cell devices that deliver enhanced stability, reduced
recombination, and improved performance (Scheme 3a).>”®

4.2.2. Buried interface engineering strategy. This type of
technology is highly useful for overcoming the interfacial
chemical limitations at the buried interface between the
primary electron transport layer, hole transport layer, and
perovskite active layer, thereby achieving optimized
interfacial contact, crystallisation control, energy level
matching, and defect passivation.’’”® This enhances the
stability, performance, and durability of PSCs, strengthens
the mechanical properties of the perovskite thin film layer,
reduces recombination between the interface layers, and
promotes charge between multiple layers
(Scheme 3b).*"7=37?

4.2.3. Surface redox engineering strategy. Understanding
the redox behaviour on metal oxide surfaces is beneficial for
manipulating intrinsic properties such as electronic structure
and surface composition, and further enhances the potential

extraction
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Self-assembling Jsc/mA

molecule Inverted device structure Efficiency/% VoclV em?  FF Stability Ref.

MeO-2PACz Glass/ITO/MeO-2PACz/AL,0;/PVK/PEAI/PCBM/ 26.37 1174 26.59 84.48 5000 h 382
BCP/Ag structure

Poly ferrocenyl ITO/PTAA/perovskite/fc-derived molecules/ 24.51 1.190 25.30 80.82 2000 h 383
C60/BCP/Ag

Dual host molecule FTO/c-TiO,/m-TiO,/(FAPbI;), o7(MAPDBI; ) 03 25.55 1.181 26.414 81.84 1050 h 185

(DB21C7) with guest I  perovskite layer/spiro-OMeTAD/Au

(Cs") or guest II (PEA")

MeO-2PACz Glass/ITO/MeO-2PACz/perovskite/PC61BM/BCP/Ag  24.6 1.177 24.8 84.3 1000 h 384

C60 FTO/MeO-2PACZ/Me-4PACZ/perovskite/ 25.5 1.16  25.9 84.9 2100 (94.5%) 385
C60/ALD-SnO,/Ag

CPMAC FTO/MeO-2PACZ/Me-4PACZ/perovskite/ 26.1 1.18 26.0 85.5 2100 (97.6%) 385
CPMAC/ALD-SnO,/Ag

Ferrocenyl molecules  (ITO)/PTAA/perovskite/fc-derived molecules/ 26.08 1.194 25.93 84.24 1000 h 383
C60/BCP/Ag

NA-Me-4PACz ITO/NiO/NA-Me/perovskite/PI/PCBM/BCP/bi/Ag 26.69 1.201 26.30 84.5 2400 h 379
Hydroxylation-etched ITO 26.55, certified 1.192 26.47 84.11 Tos=2400 h 379
ITO/SAM/perovskite/PCBM/BCP/Ag (65 °C))

Hydroxylation Perovskite/C60 layer/ALD-SnOy, 1-sun 26.6, certified 1.190 26.2 85.3 2800 h, only 380

pretreatment operation at 65 °C 26.44 loses 4% of its

of TCO initial efficiency

after 2800 h

¢-SAM or a-SAM FTO/c-SAM or a-SAM/Cs,_ ;FA, oPbI;/C60/BCP/Ag 25.20 1.175 25.6  84.0 1000 h at85°C 309

Me-4PACz (FTO)/NiO, or 25.7 1.17 25.67 85.3 500 h under LED 386
ATO,/Me-4PACz/Cs, 1FA, oPbI;/C60/BCP/Ag light and 2000 h

without light

Co-SAM (CbzNaph:JJ24) 26.92 1.185 26.18 86.75 85 °C for 1000 h 387

Me-4PACz CS0.05FAg eMAg o5PbI5/(with or without 26.82 118 26.32 86.5 10% decay, 388
3PDPA)/C60/BCP/Cu Too of 1000 h

for significantly influencing the performance of  high-performance inverted PSCs. Furthermore, considering a

optoelectronic devices such as solar cells, light-emitting
diodes, and transistors (Scheme 3c). Such enhancements are
engineered through surface redox engineering, which
modifies the oxidation state at the surface or outermost layer
of metal oxides where interface contacts and interactions
occur, via doping, acid-base treatment, or plasma processing.
Techniques such as acid-base treatment and plasma
processing aim to improve surface energy, energy level
alignment, conductivity, and the scalability of the
methods.*” This provides a powerful toolkit for modifying
the surface properties of metal oxides applicable to
perovskite solar cells, batteries, and catalytic systems,
enabling the enhancement of advanced energy materials for
multifunctional energy applications.

4.2.4. Hydroxylation-based surface modification strategy.
Hydrogen peroxide is a reagent applied to accelerate
hydroxylation while the process of introducing hydroxyl
groups onto the surface metal oxide is hydroxylation surface
modification. This strategy is established not only by
chemical treatment using hydrogen peroxide, piranha
solution (hydrogen peroxide plus sulfuric acid)*®' or ozone
but also by electrochemical methods and plasma treatments.
Recently, reports have been published concerning the
hydroxylation of ITO through bonding site design for robust
and uniform SAMs (Scheme 3d),**° and the homogenisation
of NiO, using hydrogen peroxide (Scheme 3e and f)**® for

RSC Appl. Interfaces

‘three birds with one stone’ strategy to overcome the
bottlenecks in inverted PSCs, there is an urgent need for a
‘single self-assembling molecule’ capable of addressing three

bottlenecks:**° i) photo-stability, ii) moisture resistance, and
iii) air stability.
4.2.5. Selective templating perovskite layer growth

strategy. The design of perovskite layers is a primary focus
for improving the trade-off between efficiency, stability, and
scalability in perovskite solar cells. To this end, constructing
and accessing low-dimensional interfaces—0D/3D, 1D/3D,
and 2D/3D—have attracted significant interest and growing
attention. Consequently, both high- and low-reactivity bulk
organic cation salts have been employed.****°° For example,
4-(aminomethyl)piperidinium (4AMP**), n-butylammonium
(BA"), and phenethylammonium (PEA") are highly reactive
bulk cations, whereas 2-piperidine-1-yl-ethylammonium
(PIEA™), 2-pyrrolidine-1-yl-ethylammonium (PrEA™),
biphenyl-4-ylmethylammonium (BPMA®), and 3-(methylthio)
propylammonium (3MTPA") are low-reactivity bulk cation
salts (see Scheme 4a). Due to the solubility constraints and
the low reactivity of bulk cations, low-dimensional interfaces
have been inaccessible and a cause of interface instability in
PSCs. The low-dimensional interface is inaccessible and also
the root cause of interface instability in PSCs due to solubility
constraints and the low reactivity of bulk cations. The former
bulk cation salts react with the 3D perovskite, causing

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interface instability due to their high reactivity. Consequently,
they form low-dimensional interfaces with limited
effectiveness  despite  their high  conductivity.***%*
Conversely, bulk cation salts with low reactivity do not react
with the 3D perovskite. However, they function as insulating
interface layers with low conductivity, limiting the insulating
effect, and exhibit excellent stability.**>*%°

Regardless of their promises, persistent challenges have
hindered the realization of chemically inert low-dimensional
interfaces (CILDI) due to the lack of effective growth
techniques. Semi-precursor and fully precursor solution-
based approaches have attempted to resolve this issue, yet
have not succeeded in practice. The former semi-precursor
approach failed due to extremely low reactivity characteristics
despite widespread adoption.**® Conversely, the latter full-
precursor approach failed because the resulting chemically
inert low-dimensional interfaces exhibited insufficient
solubility (see Scheme 4b and c).*°" Presently, collaborative
development of a new trend in PSCs has made it possible to
overcome this bottleneck. Selective template growth (STG), as
illustrated by the procedure in Scheme 4d, has achieved an
efficiency of 25.1%,*°>*°* opening the door to accessing these
chemically inert, low-dimensional interfaces. Enabling access
to chemically inert low-dimensional interfaces opens new
avenues for advancing perovskite solar cells. Beyond this
access, understanding the potential mechanisms of this
strategy and the lattice compatibility of low-dimensional
perovskite-like =~ materials  constitutes a  significant
contribution.

The potential mechanism for constructing the 3D/STG-
targeted 2D-(PiEA)PbI, structure via this selective template
growth involves composition and structural evolution. As
shown in Scheme 4e, depositing 2D PA,Pbl, onto a 3D
perovskite yields a 3D/template 2D-PA,Pbl, multilayer. This
outcome is facilitated by the selective etching of the
template's macrocation PA* by R-OH, followed by the
simultaneous insertion of the macrocation PiEA*". This yields
a 3D/PbL-(PiEA)I, intermediate multilayer rich in (PiEA)I,
and PAI A post-processing annealing step fully converts Pbl,-
(PiEA)I, to (PiEA)Pbl,, yielding the purified 2D-(PiEA)PbI,
multilayer structure, the 3D/STG target.

This is a promising technique, not limited to spin coating,
but extendable to other solution-based processing methods
such as blade coating. The advantages of this approach are: i)
access to chemically inert low-dimensional interfaces, ii)
improved thermal stress and stability under operating
conditions, which were lacking in conventional methods, iii)
the establishment of a solution processing system, iv)
potential scalability for large-area manufacturing, and v) cost-
effectiveness compared to conventional methods. This
innovation is remarkable, and lattice matching conditions
require further verification. Therefore, understanding atomic
arrangement and crystal of paramount
importance. Grasping lattice matching opens opportunities
to control and adjust interface defects, dislocations, and
strains at the interface. These can potentially reduce device

structure is
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efficiency and stability. Furthermore, this lattice matching
was confirmed three years prior to this selective approach.*®*
As shown in Scheme 5, the findings of this study
demonstrate lattice matching between 3D perovskites and
low-dimensional perovskite-type materials. This confirmation
is based on the alignment or lattice matching at 3D/1D, 3D/
0D, and 1D/0OD interfaces, exhibiting a favourable device
efficiency of 24.18%. The lattice matching between the low
dimensional perovskites and the 3D perovskite shown in
Scheme 5 follows three unique properties: i) strain is not
significant but tolerable; ii) the overall binary complex is
stabilized through the regular formation of the Pb-I bond at
the interface and hence constructs channels for charge
transport; and iii) lattice distortion is not strong because of
the moderate density of interfacial Pb-I bonds.

4.2.6. Synergy engineering enabling PSCs. In PSC
engineering, particularly in research conducted in 2025-2026,
synergy is achieved by optimising multiple components
simultaneously. For example, surface defect passivation is
combined with bulk crystal growth modulation to overcome
the efficiency-stability trade-off. This approach yields PSCs
with a high PCE, often exceeding 34%,"” by improving film
quality and energy-level alignment. As shown in Scheme 6,
the key synergistic engineering approaches are as follows:

Buried/bulk interface engineering. The synergistic engineering
of buried interfaces and the bulk, often referred to as ‘buried/
bulk interface engineering’ or ‘dual-site passivation’, is a highly
effective strategy in PSCs, particularly in inverted (p-i-n)
structures.’®> *'° This approach simultaneously reduces defects
and optimises crystallisation. This approach addresses the
limitations of charge transport layers and the poor crystallinity
of perovskite films at the bottom interface. This involves
combining surface modifiers (e.g. thiols or amines) with 2D
perovskite seeds or managing the solvent to passivate defects,
enhance grain size and reduce lattice strain.

Steric-complementary — synergistic strategy (SCSS). This
strategy involves using a mixture of compact cations to
passivate deep-level surface defects, as well as larger, bulkier
organic ions to form a hydrophobic protective layer that
ensures efficiency and moisture resistance.”’’ The two
molecules work together in a hierarchical assembly and the
responsible mechanisms are as follows:*'™*'* i) deep-level
passivation: piperazinium chemically neutralises
undercoordinated lead defects and suppresses the formation
of metallic lead, which are the primary sites for non-radiative
recombination. 1ii) Physical shielding: for example, PEA"
provides a steric barrier that protects the perovskite from
moisture, oxygen and thermal stress. It also improves the
alignment of the interfacial energy levels, facilitating better
electron extraction. iii) Thermodynamic stability: theoretical
calculations show that pre-adsorption creates energetically
favourable sites for attachment, making the combined system
more stable than its constituent parts.

A-site/B-site engineering. In A-site/B-site engineering, synergy
refers to the simultaneous optimisation of the perovskite crystal
lattice by adding or substituting functional agents at both the
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Scheme 5 Low-dimensional perovskite passivation strategy: (A) 3D/1D; (B) 3D/0D; and (C) 1D/0D interfacial alignment for effective passivation,

reproduced from ref. 404 with permission from AAAS, Copyright 2022.

organic/inorganic cation site (A-site) and the metal cation site
(B-site).""? This dual-site approach is more effective at
addressing defects, stabilising the crystal structure and
improving charge carrier dynamics than modifying either site
alone, leading to higher efficiency and better stability.

Dipole-defect engineering. In PSCs, synergy in dipole-defect
engineering refers to a multifunctional strategy in which a
single molecular modifier, or a combination of molecules,
simultaneously passivates surface and bulk defects, while also
introducing an interfacial dipole moment to improve energy-
level alignment.*** This approach effectively mitigates non-
radiative recombination and optimizes carrier extraction,
resulting in improved power conversion efficiencies (PCEs),
minimal hysteresis and enhanced long-term stability (often
exceeding 1000 hours in testing).”’® Using sulfonic or
ammonium compounds to create interfacial dipole moments
that align energy levels and reduce charge transport barriers
while reducing the trap density.

RSC Appl. Interfaces

Chemical/molecular bridging. In PSCs, synergy in the
chemical/molecular bridging strategy refers to the use of
multifunctional molecules (or combinations of molecules)
that can simultaneously passivate defects, optimise energy-
level alignment and improve crystallisation at the buried
interface between the perovskite absorber and transport
layers.*’® Designing molecules with dual or multiple
functional groups—such as one end that anchors to the
electron/hole transport layer (ETL/HTL) and the other that
coordinates with perovskite ions (Pb or I)—creates a robust,
ordered and conductive interface.*'” This enhances both PCE
and long-term stability, often exceeding 26% PCE.*'®*"
Dual-molecule passivators connected by functional groups
(e.g. amino groups and chiral molecules) are used to create
an ‘electronic bridge’ for improved carrier dynamics.**’

These synergistic strategies lead to superior performance
by lowering voltage losses (Vo¢), increasing fill factors (FF)
and boosting overall cell stability. This makes them critical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Schematic representation of synergy engineering in PSCs.

for advances in both singlejunction and tandem devices.
However, this approach faces significant interconnected
challenges that hinder its commercialization, which are
proposed as follows:

v Balancing efficiency, stability and scalability: one of the
core challenges is that strategies that improve one aspect
often have a negative impact on another. For instance, long-
chain passivating ligands enhance stability but impede
charge transport. Achieving high-quality perovskite films over
large areas (i.e. scaling up) while maintaining the efficiencies
achieved in small-area laboratory cells is difficult.

v/ Managing complex interactions in mixed systems:
synergistic approaches involving multiple additives, dopants or
interfacial layers can lead to unpredictable and undesirable
chemical interactions. For instance, Lewis base additives
employed to passivate Pb>* defects may result in the detrimental
deprotonation of organic cations within the perovskite lattice.

v Intrinsic and extrinsic instability: PSCs are highly
susceptible to heat, moisture, oxygen and UV light. To
address both structural instability (phase segregation) and
environmental degradation, synergistic engineering must
tackle these issues simultaneously. This often requires
complex encapsulation, which raises cost challenges.

v Ton migration and hysteresis: even with passivation, mobile
ions (Pb**, MA™ and FA") can still migrate during operation. This
results in non-radiative recombination and hysteresis in J-V
curves, which reduces the cell's efficiency and lifespan.

v Interfacial energy alignment and recombination:
although interfaces are designed to enhance performance by
aligning the energy levels of the perovskite and transport

© 2026 The Author(s). Published by the Royal Society of Chemistry
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layers (ETL/HTL), the elimination of charge transport barriers
and the minimisation of trap states remain challenging.

v Reproducibility and standardization: many synergistic
strategies depend on precise, non-standardised laboratory
techniques, such as anti-solvent dripping. Such techniques
are difficult to reproduce on an industrial scale.

4.2.7. Role of interface engineering in bridging the gap
between lab-scale efficiency and module performance. The
commercialization of PSCs remains the greatest unresolved
challenge due to their low stability and poor scalability. The
primary obstacle in scaling up PSCs is the decline in efficiency
and long-term stability as the device area increases.*
Maintaining the uniformity of efficiency and stability achieved
in laboratories and small-scale manufacturing becomes the
bottleneck issue in large-area production. This relates to
variations in film quality—such as thickness, pinholes, and
defects—and increases in sheet resistance and contact
resistance during large-scale manufacturing, compared to
results reported by research institutions. Furthermore, the key
challenges in scalability are as follows: i) producing high-quality
perovskite thin films, ii) establishing the optimum thickness,
iii) constructing a large-scale design integration architecture
involving adaptation to flexible substrates and dead area
reduction, and iv) ensuring high stability against environmental
factors such as moisture, temperature, ultraviolet light, and air.
This hinders v) the maintenance of efficiencies achieved at the
laboratory level and vi) the guarantee of long-term stability.**!

Therefore, addressing the gap between lab-scale efficiency
and module performance becomes crucial this time. Besides,
the role of interface engineering in bridging this gap is vital.
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Although spin-coating is effective in laboratory setting, in situ
interface engineering is essential for large-area industrial
coating techniques to ensure uniform passivation and the
production of stable, high-performance modules.*****
Interface engineering plays a crucial role in bridging the gap
between laboratory-scale efficiency and module performance
in PSCs.*** 1t addresses the unique stability and uniformity
challenges that arise when scaling up from small cells to large-
area modules. It mitigates the high-density interfacial defects,
ion migration and energy level misalignment that typically
cause severe performance losses during upscaling.'#%*>>

4.2.8. Engineering new semiconductors: emergence of
copper halide perovskites. Copper-lead halide perovskites are
novel perovskite semiconductor materials with significant
application potential in perovskite solar cells, batteries and
photocatalysts. These materials are classified as direct
bandgap semiconductors and promise to overcome the
challenges associated with PSCs in terms of stability and
toxicity. Beyond stability analysis, bonding chemistry and
orbital design, further investigation of design mechanisms is
needed to develop stable, environmentally friendly and
efficient halide perovskite semiconductors for solar cells. A
major challenge for halide perovskites is their degradation
under environmental conditions such as humidity, oxygen,
light and temperature. Other newly developed halide
perovskites suffer from toxicity and efficiency problems.
Currently, the most efficient PSCs have the lowest stability,
while the most stable ones have low efficiency. This trend
can also be observed in silicon solar cells. Over the past 30
years, silicon solar cells have demonstrated significantly
higher stability than PSCs. As a result, to develop new
semiconductor materials for solar cells, we must identify new
materials that satisfy the following five principles: 1) possess
efficiency equivalent to current PSCs; 2) possess stability
equivalent to current silicon solar cells; 3) meet
environmental standards for toxicity; 4) low manufacturing
cost; and 5) easy processing and manufacturing using
available technologies. By considering these five principles,
we must ask ourselves the critical question: ‘How should we
design new copper halide perovskites that are suitable for the
needs of PSCs and can be brought into field operations?’

To answer this, a comprehensive investigation of all
conceivable “light-absorbing semiconductor design
mechanisms” is essential while acknowledging all possible
investigations from scientists. The central challenge is
determining the “amount of light a new semiconductor can
absorb” to achieve sufficient energy conversion. The most
critical issue in material selection that could answer this
question is band gap control. Therefore, material selection
factors affecting the band gap include nanostructure type, band
gap, lattice design, doping, composition, and others.***"*>° The
primary role of these factors is to influence light absorption at
specific wavelengths within the visible absorption region.
Furthermore, bandgap design entails three key requirements:
material selection (which semiconductor material to choose?),
alloying or composite material design (how to achieve the
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desired chemical composition of the mixture?), and strain
design (how to achieve the required strain?). The selected
semiconductor must absorb photon energy (7v) greater than its
bandgap energy (E;) to generate electron-hole pairs. The
remaining energy is emitted as thermal energy. Semiconductor
materials with Av less than E, cannot absorb photon energy and
therefore cannot generate electron-hole pairs. Consequently,
the maximum carrier generation per unit area becomes a
function of the bandgap of the selected semiconductor. The
number of photons per square centimetre per second is defined
as the photon flux and is given by eqn (15):

F(x) = F(0)e™™* (15)
The rate of carrier generation per unit volume is given by
eqn (16):

G(x) = —dF(x)/dx = aF(0)e™™ (16)
where o is the absorption coefficient of the semiconductor,
which is greater than 10* cm™ for direct bandgap
semiconductors. Therefore, semiconductors used in solar cells
shall have the following characteristics: 1) an ideal band gap
(0.9 to 1.2 eV),*° 2) high optical absorption (10* cm™), and 3)
good electrical conductivity. Generally, the following main
semiconductor parameters determine the design and
performance of solar cells: i) band gap energy E,, absorption
coefficient «, and refractive index ; ii) excess carrier diffusion
length L and lifetime z; iii) carrier diffusion coefficient D and
mobility x, which characterize the transport properties of
carriers due to drift and diffusion, respectively; iv) dopant
concentration, which determines the width of the space charge
region at the junction; v) cost; and vi) availability or abundance
on earth.**"*? The ultimate goal of emerging copper halide
PSCs is to compete with other existing solar cell technologies
and achieve commercialization in the market, just like other
solar cell technologies. For instance, the efficiency of CdTe thin-
film modules has reached 14%, with a cost of US$0.50 per W,
while the total cost of silicon solar cell modules has decreased
from US$4 per W in 2008 to only US$1.25 per W in 2011, with
the module efficiency improving from 15 to 20%."*

For this purpose, copper-based PSCs have recently been
reported and have emerged as a new solar material.****
However, most copper halide materials are 2D materials. Now,
copper should be introduced in a way that can form 3D
perovskite structures. In this case, there are two possibilities: 1)
replacing the A-site methylamine in the 3D ABX; perovskite;"*’
2) replacing the central Pb** with Cul;*” octahedron instead of
PbL;*", and if possible, form MCuX; or MACul;, where M = a
metal with a +1 charge, MA = methylamine, and X = a halogen,
located at the B-site."** Now, it can be proposed that Cu plays a
unique role in the band structure. This unique role includes the
following:

1. Contribution to the band structure when used in both
A- and B-site of ABX;:'*° Cu contributes to the valence band
through its s orbitals and d orbitals, influencing the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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optoelectronic properties near the Fermi level.**” The s—p
hybridization between Cu and halogen atoms contributes to
the band structure, forming a unique band structure. Both
the occupied and unoccupied s orbitals of copper make
unique contributions to the band structure. The effects of the
occupied and unoccupied states of Cu on the band structure,
overall optoelectronic properties, charge transfer, mobility
and extraction are important research topics that have not
yet been fully elucidated.

2. Cu can replace Pb atoms to overcome toxicity issues
and adjust the bandgap.**®***° However, its smaller size
hinders the formation of a 3D perovskite structure when
replacing lead atoms at the central position.**® Thus, to form
a 3D perovskite structure, Cu’ shall replace methylamine
rather than Pb. Placing Cu" at the A-site while ensuring that
the atomic size of the central atom is similar to that of lead
remains a major unsolved challenge. Potential atoms with
similar sizes include Sn and Bi. Due to Sn instability under
external conditions, Bi may be the optimal candidate atom.

3. By modifying the chemical environment with halogens,
Cu perovskites offer multiple alternative solutions. Due to its
high copper content, environmental friendliness, and stability
toward moisture, it can replace methylamine, addressing issues
such as stability, toxicityy, and cost associated with
methylamine.

4. The oxidation state and octahedral distortion are also
important variables influencing the performance of engineered
copper halide perovskite properties.

5. Generally, when engineering copper halide perovskites
(Table 6), numerous factors require consideration and
optimization."""  These factors include crystal growth,
composition, doping, nanostructure, carrier concentration,
carrier mobility, diffusion and drift currents, absorption
coefficient, and ambipolar diffusion length. Therefore, none of
these variables have been optimized for this emerging copper
halide perovskites. This indicates that there remains a
significant amount of work to be done in the field of PSCs.

6. Copper halide perovskites have been reported for use in
photovoltaic materials and other electronic devices.

Engineering strategies for copper halide perovskite solar
materials involve nucleation engineering of the ABX; perovskite
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structure. Nucleation engineering is an engineering technique
used to control the shape, size and crystal structure of materials
during their crystallization process.**®*”

The stability of the ABX; perovskite structure is determined
by the Goldschmidt tolerance factor given by eqn (17):

t= ﬂ (17)

(re +1x)

where r,, 5, and rx are the ionic radii of A, B and X atoms in
the ABX; perovskite structure, respectively. A stable perovskite
structure exists in the range of 0.8 < ¢ < 1.

5. Copper semiconductor orbital
mixing, bonding chemistry and orbital
engineering

What is the possible strategy to realize a stable PSC with
better efficiency in the real field of practical operation? In
front of us, there is a new and unexplored potential room for
Cu-based photovoltaic and other optoelectronic applications!

Semiconductors’ property is determined by its orbital mixing
in its band structure formation while molecular orbital mixing
determines a molecule's reactivity, stability and shape. The
difference also lies in the semiconductor orbital overlapping
connecting vast number of atoms interacting to configure
continuous band of energy levels, which determines its

optoelectronic  properties. The bonding chemistry in
semiconductor materials involves the atomic orbital
connectivity and orbital hybridization information that
determine the specific optoelectronic  properties  of

semiconductors. Such information and understanding elucidate
the concept of orbital connectivity that regulates structural
dimensions. For instance, in Cs,AgBiBrs double halide
perovskites, the [BiBrs] octahedral isolated the [AgBrg]
octahedral, causing their valence bands and conduction bands
to connect at a lower electronic dimension rather than in 3D.
Compared to 3D halide perovskites such as CH;NH;PbI;, this
characteristic results in disappointing optoelectronic properties
in the lower-dimensional dihalide clathrates, despite their
better stability and lower toxicity.

Table 6 Recently reported Cu-based halide perovskite materials with their efficiencies

Semiconductor Absorption coefficient, o Band gap, Ej/eV Efficiency Ref.

CuPbl,, CuPbl,, CuPbl, — 1.45-2.0 — 68

MACu,l, — — 4.0 130
MAPbI;:MACu, 1, — — 12.43 130
MAPb,_,Cu,l, — — 12.85 130, 442
CeH,NH,CuBr,I — 1.65 0.63 430
(CH;NH;),CuCl,Br, — 1.04 0.99 443
(CH;3NH,),CuClL,1, — 1.99 1.75 443

CuCaCl; — 1.536 — 437, 444, 445
CuFeCl, — 1.533 — 437, 444, 445
CuSnCl, — 1.697 — 437, 444, 445
CuCoCly — 1.78 —

CuCuCl, — 1.98 —

CuGaCl, — 1.861 —

© 2026 The Author(s). Published by the Royal Society of Chemistry
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For inorganic semiconductor materials, although some
standards have been reported elsewhere, selecting
appropriate criteria remains a challenge.**® These criteria
include: 1) valency: most reported inorganic semiconductors
exhibit ionic properties. These semiconductors include PbS,
CuBr, GaAs, ZnSe, bornite, pyrites, and stannite. 2)
Covalency: the electronegativity difference of the bonds
should be between 0.8 and 1.0. The electronegativity
difference shall be considered before atoms form
semiconducting bonds. 3) Phase diagram or line phase rule:
the phase diagram of the system should show line phases
with low solubility. If the semiconductor is a mixture of two
other semiconductors, this rule may be violated. Other
indicators for semiconductor materials include resistivity,
high thermoelectric power, dielectric constant, and point
contact rectification.**®

5.1. Orbital occupation and orbital engineering

At thermal equilibrium, the orbital occupancy is expressed by the
Fermi-Dirac distribution function f(E), as shown in eqn (18):

J(E)=1/(1 + exp®EKT) (18)
where Er is the Fermi energy or Fermi level, kg7 is the
thermal energy, and kg is the Boltzmann constant. Thus, the
distribution of carriers in a semiconductor is solely
determined by the Fermi level, with Er located between the
valence band and the conduction band. Each energy level E
is either occupied by an electron (with probability P(E)) or left
empty. Thus, the vast differences in chemical and physical
properties, ranging from energy storage and electrocatalysis
to spin-orbit coupling, valleytronics, charge density waves,
and superconductivity, all stem from orbital occupancy.**’
This indicates that material properties are directly or
indirectly related to electronic structure. This electronic
structure depends on the shape and size of the Fermi
surfaces and the position of the Fermi level. Therefore, the
functionalization of continuous electron filling orbitals can
serve as an operational strategy to functionalize electronic
states, thereby functionalizing the chemical and physical
properties of specific semiconductor materials.

The properties of high-performance materials require
various engineering strategies, such as strain, doping,
interface and band structure engineering. These engineering
strategies aid in designing material properties to achieve
suitable applications with enhanced efficiency and stability.
Consequently, band structure engineering strategies are

highly —useful for wvarious applications, including
ferroelectrics, microelectronics, optoelectronics, catalysis,
storage devices and thermoelectric applications. To

implement this strategy, orbital engineering is of great
importance. As shown in Fig. 16a-d, this orbital engineering
depends on orbital interactions (Fig. 16a), such as s, p, d, f,
and p-d (Fig. 16b), s-p (Fig. 16¢), and d-sp orbital
hybridization in the band structure shown in Fig. 16d. Such
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orbital interactions are essential for designing valence bands,
conduction bands, and band gaps, which are crucial for
designing properties such as charge carrier excitation,
transfer, energy emission, and absorption.

5.2. Role of orbitals in halide perovskites

Understanding the orbital role and the properties associated
with this orbital role is crucial for designing new materials
for novel applications. Therefore, understanding contributing
orbitals in the new semiconductor material CuPbX; is
essential for designing these materials for potential new
applications. CuPbX; has an ABX; perovskite structure. To
describe the properties of this material, it is essential to
understand the role of each orbital in the Cu, Pb and X
atoms of CuPbX;. This is because the energy band structure
of CuPbX; is formed based on the contributions of each
atom. For instance, in CuAlO,, the 3d'® closed-shell orbitals
from Cu' hybridized with the 2p orbitals of O. This
hybridization alters the valence band maximum, making
holes easier to excite. This results in high hole mobility.>®
The Cu 3d" energy level is close to the oxygen X p orbital,
enabling this hybridization. This makes CuAlO, a p-type
semiconductor. Similarly, in CuPbX;, the Cu® 3d' and 4s
orbitals are close to the halogen X p orbital, enabling
hybridization, and CuPbX; becomes a p-type semiconductor
similar to CuAlO,. As shown in Fig. 17a-c, the valence band
is primarily composed of Cu 4s, 3d and X p orbitals, as well
as s-p and p-d hybridization, while the conduction band is
primarily composed of Pb 6p orbitals. In CH3;NH,PbI;, the
conduction band minimum is dominated by Pb 6p orbitals,
while the valence band maximum consists of the Pb 6s and X
p orbitals.®® In the band structure of CsPbXj, the role of Cu*
is very significant, while in the band structure of CH;NH;-
PbX; and CsPbX;, the roles of CH;NH,;" and Cs' are not
significant. Moreover, the total state density of CuPbX;
involves Cu-s, Cu-d, Pb-s, Pb-p and X-p.

5.3. Dual nature of cu d orbitals

The amount of Cu required depends on the d
configuration that it contributes to the bond. Its role in
bond formation within the perovskite structure depends on
its oxidation states, such as +1, +2, or +3.*° Considering
Cu's chemical properties, Cu has five d orbitals, labeled as
dyy, dz, dyz, d;» and dy.y.. Depending on the position of
the Cu atom, there are two positions: intercalated Cu’ and
center-positioned Cu®'. Its intercalation matters its
position. Intercalated Cu’ is not located at the center but
connects the octahedral MXs>", while the non-intercalated
Cu”" is located at the center, forming the geometric shapes
of the octahedral CuXs®™ or tetrahedral CuX,*”, as shown
in Fig. 18. It can also create square planar shapes when
forming Cu complexes. Intercalated copper forms CuPbX;
or CuMX; perovskites, where M represents metal cations
such as Sn** and Pb*". The central Cu®>" complexes form
perovskites such as MCuX; or M,CuX, (Cs’, Cu', Ag', etc.)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 a) Schematic of bonding and anti-bonding in CuPbls. b) Band structure contribution orbitals of CHzNH3PbX3 and CuPbXs. c) s-p and p-d
orbital hybridization formed in CuPbXs. d) Orbitals contributing to the valence band and conduction band in CuPbXs.

or MCuX, (M = Al, Fe, etc.), where M stands for metal
cations, such as AgCuX; and CsCuX;, proposing new halide

perovskites.**%**  Furthermore, the mixed-valent Cu"?"
double perovskite structure can also form layered
structures.***>*>3

In copper chemistry, the five d orbitals have the same
energy and are initially degenerate. When six halide negative
charges are uniformly distributed above the spherical surface,
the d orbitals remain degenerate. However, due to the
repulsive electrostatic interactions between the electrons in
the d orbitals and the spherical shell of negative charges, the
energy of the d orbitals increases (Fig. 18a). Distributing the
six halide negative charges at the vertices of an octahedron
does not change the average energy of the d orbitals but
eliminates their degeneracy: the five d orbitals are split into
two groups, whose energies depend on their orientations. As
shown in Fig. 18b, the d,. and d,. . orbitals point directly
toward the six negative charges located along the x, y and z
axes. Consequently, due to increased electrostatic repulsions,
the energy of electrons of these two orbitals (collectively
referred to as the e, orbitals) is higher than that in the
spherical distribution of negative charges. In contrast, the
other three d orbitals (d,y, d.,, and d,,, collectively referred to
as the t,, orbitals) are oriented at 45° angles to the coordinate

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

axes, thus pointing toward the six negative charges. The
energy of electrons in any of these three orbitals is lower than
that of the spherical distribution of negative charges in
halides. In the octahedral symmetry of Cu®’, the energy of the

anti-bonding e, hybrids (e’{;) is higher than that of the anti-

bonding t,, hybrids (t’gg), because c-anti-bonding interaction

is feebler than m-anti-bonding interactions (Fig. 18¢).*** the
energy of these e, and t,, are inversely related to the
octahedral and tetrahedral structured copper compounds, as
shown in Fig. 18c. The Cu’ ion contributes to the valence
band through s-p and p-d hybridisation. It also contributes
to the unoccupied states above it by creating an empty band
from the partially occupied s orbital. In contrast, Cu>*, a
central atom in MCuXj;, contributes to the conduction band
because the X anions contribute to the valence band.®®
Moreover, understanding semiconductor orbital mixing,
bonding chemistry and orbital engineering based on copper
chemistry stimulates researchers, industries and enterprises
to awaken their energetic motivation to explore CuBX; (B =
divalent metal and X = halide ions) and or ACuX; (A is
monovalent metal) more and bring them to be part of the
new-generation energy materials to benefit UN sustainable
development goals.
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6. Awakening towards exploring
CuPbX3 and MACuX3z

Are there any revolutionary opportunities to shift from CH;NH;-
PbX; to CuBX; and/or ACuX;? What intriguing optoelectronic
properties enlighten CuBX; and ACuX; to ignite the potential
light from within and achieve a new paradigm shift of igniting
light in a wide range of energy applications?

Proposing research topics to the scientific community has
been highly praised by researchers. For this reason, the

RSC Appl. Interfaces

authors propose potential research topics in the study of
CuBX; and ACuX; semiconductor materials that have not yet
been well explored:

1. From this perspective, the next hot research area will be
manufacturing technologies such as smart manufacturing,
inkjet printing, roll-to-roll printing, 3D printing, and solution
processing technology. These technologies should be
economical, simple, sustainable, and scalable to a wider range
of applications. Which processing technology will be prioritized
for the manufacture of CuBX; and ACuX; perovskite future solar

© 2026 The Author(s). Published by the Royal Society of Chemistry
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materials in solar material technology? To give a clue that might
lead researchers to synthesize CuBX; and ACuX;, as shown in
Fig. 19, CuBX; can be synthesized from dissolving CuX and BX,
in a solution while ACuX; can be synthesized by dissolving

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

CuCl, in a given solvent and then adding BX into the
solution.*>® The copper(i) halides are prepared from the
reduction of copper(u) halides or [Cu(MeCN),]PF, reacted with
2,5-bis[(diphenylphosphino)methyl]thiophene.*>” PSC with the
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planar*®®** and inverted*®>**" architectures can be developed
to configure the solar cell in the practical application, as shown
in Fig. 19. In this research direction, extensive research will be
conducted in the future to drive revolutionary developments in
solar energy research through new research directions, material
design, and performance studies.

2. Copper perovskites are emerging materials for future
PSCs. In this structure, Cu is located at the corners of the
octahedral ~PbX;*~ unit, replacing the water-soluble
methylamine, or at the center, replacing the toxic Pb metal in
the perovskite crystal structure. The core challenges in studying
Cu-based perovskites for PSCs lie in: 1) the interplay between
localized and delocalized Cu-3d and halide p orbitals; 2) Cu-s
orbital interactions with a halide p orbital, ie, s—p
hybridization; 3) in the band structure, the Cu s band replaces
the methylamine cations in the perovskite structure; and 4)
Cu®" interacts with halide anions to form either octahedral or
tetrahedral structures, replacing Pb*" cations. Moreover, there is
a potential issue regarding whether the Cu 3d state in Cu-based
perovskites exhibit the same dual nature as those in Cu-
chalcogenides. The dual natures of Cu 3d states in
chalcogenides stems from the inherent localization of the 3d
states and p-d hybridization, which arises from the localization
of the e sub-states and the hybridization of the t, sub-states.*>®
Do these dual properties of the Cu 3d states also exist in Cu-
based perovskites, just as they do in Cu-chalcogenides? This
requires detailed experimental and computational studies.

3. The study of the d orbital orders of Cu' cations offers
opportunities for achieving novel physical and chemical
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properties, making it an urgent topic that requires clarification.
The d orbital possesses dual properties of localization and
delocalization. This dual nature is crucial for verifying the
properties of CuPbX; materials in various applications, thereby
necessitating further investigation.

4. Spin-orbit coupling: a hidden force that not only affects
the band structure but also influences properties such as
singlet-triplet splitting, spin lifetime, and magneto-resistance.
Hence, studying spin-orbit coupling in CuPbX; halide
perovskites is highly required. The effect of Cu’ intercalation
in the CuPbX; structure and the origin of the Rashba effect
have not yet been investigated.

5. The hybridization driven by orbital overlap in 3D Cu-
based halide perovskites requires advanced tools such as X-ray
absorption spectroscopy, direct visualization of orbital electron
occupancy, resonant inelastic X-ray scattering (RIXS) at the Cu
edges, and density functional theory (DFT) to investigate the
hybridization mechanisms and bonding information.

6. Another study with significant implications will involve
replacing lead in CuPbX; with other elements. Potential
candidate elements include M>" metal cations, such as Cu*'
and Sn**. The reason is that CuMX; possesses advantages such
as green nature, stability, environment-friendliness, low cost,
and easy processability, making it suitable for the development
of solar cell technology.

7. In the research and development of copper halide PSCs,
understanding the coordination engineering, coordination
chemistry, and electronic interactions present in the crystal
structures of CuBX; and/or ACuX; (where A represents a metal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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replacing the methylamine cation, and M can be Pb, Sn, Cu, Ag,
etc.) is crucial for addressing the aforementioned nine research
questions. This research area is still in its infancy and is
expected to undergo further development over the next few
years and beyond. In these structures, the sizes of the A, B, and
X atoms are critical and must be considered for their suitability
for perovskite structures, as these atoms are the primary sources
of structural distortion, strain, stress, defects, and vacancies,
which directly influence the thermodynamic stability of the
structure, the formation of the band structure, light absorption,
and charge carrier transport properties.

8. According to experimental and computational studies, the
spin-polarized photoemission, the spin degrees of freedom of
charge carriers within electronic devices, the band edges,
recombination process, electronic coupling, spin-orbit
interactions, charge transfer processes, charge carrier dynamics
and charge separation, power conversion efficiency, lifetime,
absorption and emission properties, catalytic properties, ion
exchange, and anisotropic properties are responsible for various
applications and represent the current research topics in these
Cu halide perovskite materials.

7. Encouraging multifunctional
properties and energy applications of
copper halide perovskites

The perovskite community is looking for exploring a better
stable, green, economical and energy-efficient perovskite energy
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materials. The question of this revolution is that will CuPbl;
and its derivatives revolutionize the wide-ranging energy
applications of the conventional CH;NH;PbI; perovskite and its
derivatives? Thus, scientists have two tasks: making CH;NH;"
free stable copper halide perovskites and lead-free user-friendly
copper halide perovskites, at the same time, for efficient, stable
and green energy applications.

Multifunctional energy applications of semiconducting
materials, ranging from energy harvesting, conversion,
generation to storage, depend on their potential multifunctional
properties, as indicated by Fig. 20. Highly useful
multifunctional properties of semiconducting materials for
multifunctional energy applications that this review wants to
stimulate are of degree of ionic conductivity, nature of the
tunable band gap and band structure, thermal properties,
electrochemical stability window, non-flammability, tunable
optoelectronic  properties, optical and electrochemical
properties, photodetection and sensing, charge transport
properties and solution processability. Based on these
properties, copper halide perovskites such CuPbl;, MACul; and
other derivatives have key properties that make them potential
for energy applications. Such potential properties are as follows:

Direct bad gap property

Copper halide perovskites have direct band gap properties,**’
which may bring new research horizon in various efficient
energy absorbing and emitting applications such as
optoelectronic devices owing to their efficient absorption and

E=Pt indicates that energy consumption (E) is
equal to the power (P) of an electrical device
multiplied by the time (t) it is used.

Fig. 20

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

Promoting the development of multifunctional energy applications of copper halide perovskite materials for future generations.
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emission of light. Such optoelectronic devices are solar cells,
light-emitting diodes, lasers, thin-film transistors, etc., which
are not benefited from the new timely research paradigm of
copper halide perovskites. Their direct electron transition and
recombination make copper halide perovskites promising
semiconducting materials in this field. Moreover, CuPbl; has
been used for water splitting owing to its direct band gap that
can drive hydrogen evolution at a voltage of 0.62 V and 216 pA
em™? current density using a 0.1 M Na,SO, solution.*®® There
are performance improvement and stability challenges in the
liquid electrolytes, which need further optimization. Thus, the
future research is aimed at improving the stability and
efficiency of photoelectrochemical water splitting for efficient
solar hydrogen generation. The reason to apply for
photochemical water splitting is that photoelectrochemical
water splitting is responsible for the zero emission energy
carrier stated in the sustainable development goals. The main
goal here is achieving high solar-to-hydrogen efficiency through
the following strategies: (1) band gap position alignment
appropriate for photoelectrochemical water splitting into oxygen
and hydrogen half reactions, (2) inserting narrow band gap and
enhanced ability of absorbing visible light, (3) improved
electron-hole (charge carrier) separation in semiconductors
such as CuBX; or ACuX; perovskites, and (4) designing
photocorrosion-resistant stable photoelectrodes and economical
semiconductors as primary criteria.*®®

Basically, to fully convert H,O into its component parts H,
and 1/20,, the semiconductor shall absorb photon energy
(AE) of greater than 1.23 eV per electron transferred with a
free energy change (AG) = 237.2 k] mol ™. The semiconductor
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photoelectrode shall have an energy of 1.6-2.4 eV per
electron-hole pair produced.*®* Thus, a series of
semiconductors with suitable alignments are required to
effectively operate water splitting solar cells. Eqn (19)-(21)
show the photoelectrochemical water splitting process:

H,0 +2h" - H" +1/20, (19)
H' +2¢ — H, (20)

H,O — H, + 1/20,, (AG = 237.2 k] mol * and AE > 1.23 eV
(21)

Perovskite semiconductors with a band gap of 1.6 eV can be
an ideal material for hydrogen molecule production, solving
stability issues in the liquid electrolyte and interfacial
alignments. Furthermore, CsPbl;, KPbl;, LiPbCl;, NaPbl; and
LiPbI; having a band gap energy in the range of 1.31-1.43 eV
are not only useful for solar cells but also highly useful
semiconductors for photoelectrochemical water splitting and
solid-state batteries (Fig. 21).*°>*¢”

Tunable optoelectronic properties, high optical emission and
absorption properties

copper halide perovskites have direct and tunable band gaps
of 1.82 eV,**? 2.1 eV,**® and 1.55-2.33 eV,°® which make them
optical emitters and absorbers. This is owing to the direct
recombination of electrons and holes, enabling the emitting
photon energy applicable in laser, light-emitting diode and

pSi(L.leV)  —i— :

p-InP(13eV) %p—(sbnl.\(l..h:\)s
p-CsPbly(1.31¢V) —

o pp—— n S
p-KPbl(1.36¢V) _ P-LiSnly(1.35¢V)
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Fig. 21 A proposed schematic representation of the photo-electrochemical water splitting process is shown below: a) A diagram showing an ideal
ABX3 halide perovskite semiconductor for water splitting. b) The proposed position of the perovskite band gap for water splitting alongside that of
other common semiconductors in the thermodynamic potential of the water redox process.
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transistors. However, their high optical absorption is
facilitated by efficient electron-hole separation and injection
and electron transition from a lower energy band to a higher
energy band to boost the power conversion efficiency.
Although copper halide perovskites have these new research
opportunities, researchers are not yet focusing on such
promising semiconductors, and thus, this review is calling
them to shine their research life with new breakthroughs in
this field of study.

Copper-based perovskites can be classified into two
perovskite structures: 1) Cu®" at the B site of ACu,X; such as
in MAPb,_,Cu,I; with a PCE of 12.85%, Cs.12FA¢ gsPbo.oo-
Cug.01]2.00 (ref. 469) and MACul; with a PCE of 4.0% ref. (130,
442 and 470) and 2) Cu" at the A sight of the CuBX; structure
such as CuPbCl;, CuPbl;, and CuSnl;.**”*"%*"% Above all,
there is also a conclusion that Cu, Ag and Tl are candidates
to interact with the BX;  cage in the ABX; structure,
occupying the A site to create CuPbl;, AgPblI; and TIPbI; with
relatively better covalence.””® This makes these materials
applicable in various energy application fields of operations.

Electrical and photocatalytic properties

copper halide perovskites such as CuCdCl; and CuSnl; have
catalytic and electrical properties. The room-temperature
conductivities are 2.62 x 107°, 7.1 x 10™® and 1.11 x 107> (Q
cm) for KPbl;, CuPbl; and CuSnl;, respectively.”’" At higher
temperatures of 300 and 400 °C, the conductivity values for
CuCdCl; are 5.80 x 10° and 1.54 x 107> (Q cm)™,
respectively.””* The catalytic research opportunity is open for
research this time, calling researchers to investigate and put
their great effort to flourish new research dimensions (see
Fig. 21). There has been one report showing increased
crystallite size and unit cell volume upon doping with Eu**/
Eu®" This indicates that there is a possibility to boost the
catalytic property of CuPbl; through doping and other
material engineering strategies.*””

Radiation dosimetry

Cu-based perovskite films showed great response when
exposed to gamma radiation.*®® The response had been
reported as the change in morphology, crystallinity, optical,
electrical and structural properties, suggesting the potential
for use in dosimetry and radiation detection from CuPbl;
thin films.**®*’® This is owing to its capability to produce
and separate electron-hole pairs upon interaction with the
photon energy, and hence, this makes such semiconductors
appropriate for the detection of radiation
multifunctionalities. Consequently, the radiation induced
mechanisms and changes, and the specific dose ranges are
yet to be optimized for the betterment of this field.
Furthermore, the ideal factor obtained indicates the presence
of radiation induced defects, which are useful in the
application of dosimetry owing to the CuPbl;/P-Si
heterostructure showing acceptable diode property.*””

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

Copper halide perovskites, particularly CuPbl;, had been
employed in the galvanic electrolytic cell as solid electrolytes
with a cell configuration of Pb/CuPbl;/AgI/Ag, providing a cell
open circuit voltage of 0.211 V and a capacity of 6.6 pAh at
an ionic transference number >0.99 as well as a lower
activation energy of 0.29 eV, responsible for iodine ion
migration or iodine ion vacancy migration, showing relatively
easy ionic conduction at room temperature within a
geometrical cell area of 0.36 cm®.*’® CuPbl; thin films are
required in galvanic electrochemical cell applications because
of the need for ‘developing miniaturized batteries’ having: 1)
long shelf life, 2) wide operating temperature and 3) high
energy density configured using the combination solid thin-
film semiconductors such as CuPbl; with solid electrolytes.
This embraces great promise of realizing ‘miniaturized solid
batteries’ with the application of copper halide perovskites
owing to its ‘mixed ionic-electronic conductivity’ properties
at a lower activation energy than that of CH;NH;PbI; (0.6
e\,).479

Moreover, is it possible for copper halide perovskites to
have the synergy nature of ferroelectric polarization and
semiconducting properties to achieve the ferroelectric-
semiconductor solar cell type and open a new avenue for
a higher PCE to revolutionize the field of organic-
inorganic hybrid PSCs? In case if this question gets
answered by copper halide PSCs, then it will be the end
of history for organic-inorganic hybrid PSCs. Therefore,
this nature of copper halide PSCs matters the continuity
or discontinuity history of organic-inorganic hybrid PSCs
in this era. To this end, ferroelectric solar cells can
achieve high power conversion efficiency if the following
four scientific aspects are well understood: 1) bulk
photovoltaic effect; 2) depolarization field effect; 3)
Schottky barrier effect and 4) domain wall effect.*** Above
all, machine learning methods with the potential for
further development of perovskite photovoltaics are
urgently required.*®"*®> The exploration of perovskite
photovoltaic, particularly, the new rise of copper halide

perovskites, for various optoelectronic advancements
necessary modern technological demands,*®® thereby the
new breakthroughs revolutionize the research and

development.

8. Concluding remarks and future
outlooks

What future developments could accelerate the advancement
of copper-lead halide perovskites and their lead-free
derivatives? The development of efficient, stable and
environmentally friendly perovskite solar cells (PSCs) must be
encouraged to enable more effective energy applications and
help solve the world's energy problems.

Despite their high PCE or energy efficiency and low cost of
solution processing opportunities, PSCs faced two major
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bottlenecks with regard to the issues of sustainable operation
and environment. These bottlenecks include poor stability of
operation and toxicity to living beings. Overcoming these
bottlenecks has become a hot research topic attracting
widespread attention from the perovskite scientific
community. This review aims to explore possibilities and lead
the way toward overcoming the stability and scalability
challenges, and if beyond, the toxicity challenge too. To
realise this vision and further advance related research, this
review focuses on six dynamic and promising solutions: 1)
development of contributing functional molecular bridges,
modifiers and stabilizers such as application of additives,
ionic liquid, spacer ions, capping agents, and its role in
crystal engineering; 2) development of innovative approaches
headed to overcome surface and interfacial limits as well as
device engineering limits; 3) engineering new perovskite
semiconductor with the vision to develop efficient, stable,
green and economical semiconductor solar materials
replacing the conventional methylamine and Pb in the CH;-
NH;PbX; framework via chemical methods at the same time;
4) awakening ideas to stimulate the PSC community to re-
explore copper halide perovskites and innovate them in
various energy applications as has been done to the
conventional ~PSC  materials; and 5) stimulating
multifunctional properties and energy applications of copper
halide perovskites to broaden the field in multidimensional
wide range applications and show the future platform of the
field for researchers, developers such as industries and
enterprises with the believe that a new horizon of research
for new advancements, opportunities and perspectives may
open, visualizing the unseen horizon of potential research to
be seen. 6) the sixth contribution stems on comprehensive
solution strategies such as one stone: three bird strategies
and/or an all in one integrated innovative approaches that
have been more demanding in this research filed and yet this
strategy is better to bring PSC to commercial viability,
wondering with this idea led us to design the aim of this
review article.

In nurturing the development trends of the PSC nexus,
the limits of surface and interfacial chemistry, together with
those of device engineering, become urgent topics in need of
urgent solutions. For this purpose, designing flawless and
surface nanostructuring, self-assembling layers for buried
interface  engineering, surface redox  engineering,
hydroxylation-based surface and interface homogenization
and developing selective templating growth to access low-
dimensional interfaces and create better lattice matching
have been implemented, and research is ongoing with great
promises. This paradigm shift has seen inverted perovskite
solar cells (PSCs) emerge as a hot research breakthrough,
achieving record efficiencies of 27% in single-junction
devices and 34.85% in tandem devices. For unknown
reasons, the performance of such inverted PSCs is not well
established to come to the practical applications. This
requires identifying and understanding key performance
bottlenecks hampering their practical applications.

RSC Appl. Interfaces

View Article Online

RSC Applied Interfaces

Moreover, developing ‘triple-E solar cell’ devices requires
an understanding of trends in nexus development. This
includes surface nanostructuring, self-assembling layers,
surface redox engineering, and peroxide surface
homogenisation. It also involves identifying new
opportunities, such as designing halide perovskite energy
materials that are as efficient as current organic-inorganic
halide perovskites (e.g. CH3;NH;Pbl;) or full inorganics (e.g.
CsPbl;), but which are more stable and environmentally
friendly. These materials are urgently needed to advance the
use of PSCs. Consequently, the emergence of copper halide
perovskite become possible to be an alternative halide
perovskite energy materials expected to boost efficiency,
stability and environment together for
generation PSC development. Thus, triple-E-solar cell devices
require understanding not only the role of semiconductor
orbital mixing rules, orbital engineering, bonding chemistry
and band structure formation but also the abundance and
environmental issues of the raw semiconductor materials,
economics of processing, and sustainability of working in
real-time operations to continue and stimulate applied and
fundamental research on further development of copper
halide PSCs. Based on this philosophy of triple-E-solar cell
devices and its core requirement, this review wants to
introduce a new research horizon and a copper lead halide
perovskite.  Moreover, copper and its  derivative
semiconductors are environmentally friendly, durable,
recyclable, abundant, healthier and vital to operate efficiently
with a great promise to future low carbon economy, energy
generation and delivery of electricity to respond to human
energy demands and realize a greener future. This makes
working with copper and its derivative semiconductors safe
and robust. Therefore, now is a reasonable and practical time
to discover copper halide perovskites and develop them for
energy-efficient, economical and ecological
applications.
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