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Synergistic energy and charge transfer dynamics in
LD/3D perovskite heterojunctions for
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The functionality of low-dimensional (LD)/three-dimensional (3D) heterojunctions is governed by factors such
as lattice mismatch, surface potential, and controlled growth conditions, all of which critically influence charge
and energy transfer dynamics. By strategically tuning the heterointerface through optimised organic cations
and conjugated ligands, efficient charge transfer and reduced recombination losses can be achieved,
leading to improved power conversion efficiency for solar cells and luminescence quantum yield for light-
emitting devices. This perspective explores the fundamental photophysical processes at the LD/3D
interface, including exciton dissociation, charge carrier trapping, and electron—phonon coupling, which
play a key role in determining device performance. We discuss the interplay of charge and energy transport
mechanisms, focusing on Dexter energy transfer (DET), Forster resonance energy transfer (FRET), and
triplet energy transfer (TET), and their impact on minimising non-radiative recombination and optimising
charge extraction. Furthermore, we highlight how heterojunction engineering influences quasi-Fermi level
splitting, built-in potential formation, and defect passivation, contributing to enhanced stability and long-
term operational durability. A comprehensive understanding of these synergistic processes offers new
pathways for the design of advanced perovskite-based optoelectronic devices, paving the way for next-
generation high-performance photovoltaics and light-emitting applications.

Introduction

Heterojunctions based on LD/3D perovskite layers have
emerged as promising architectures to enhance the stability
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and efficiency of optoelectronic devices by integrating the
superior charge transport of 3D perovskites with the structural
and chemical robustness of LD phases.

LD' (including zero-dimensional (0D), one-dimensional
(1D),> and two-dimensional (2D)), quasi-2D, and three-dimen-
sional (3D) perovskites® exhibit distinct optoelectronic proper-
ties, which can be synergistically combined in a heterojunction
to achieve superior device performance. The structure of
perovskite with different dimensionalities, as shown in Fig. 1(a),
plays an important role in the charge and energy transport
mechanism and efficiency. The fundamental structural unit of
metal halide perovskites is the ([BX]s'~) octahedron.* 3D
perovskites, such as MAPbI;, exhibit a cubic or tetragonal
structure with a pseudo-cubic lattice parameter of ~6.3 A°
where BX, octahedra (e.g., Pbl) form a continuous 3D network.
In contrast, 2D perovskites, such as Ruddlesden-Popper (RP)
phases (A,A, 1B,Xsn1), feature a layered structure where
inorganic slabs (BXs octahedra) are separated by organic spacer
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cations (e.g. propylammonium (PA"), butylammonium (BA"),
phenylethylammonium (PEA')), creating large interlayer
distances with weak van der Waals interactions. While their in-
plane lattice parameters are comparable to 3D perovskites, the
out-of-plane spacing is significantly larger (depending on the
organic cation), introducing structural anisotropy.® In contrast,
the Dion-Jacobson (DJ) phase (A'A,,_1B,X3,+1) contains a single
layer of interlayer cations, eliminating van der Waals gaps and
strengthening electronic coupling, thereby enhancing charge
mobility. The alternating cation interleaved (ACI) phase (A’A,-
B,X3,+1) exhibits a compact stacking arrangement, reducing
interlayer spacing and promoting out-of-plane charge
transport.”

In 0D systems,® such as quantum dots, strong quantum
confinement and tunable emission wavelengths make them
attractive for applications requiring high colour purity, such as
LEDs. However, these materials typically suffer from low charge
carrier mobility. Like nanowires, 1D perovskite structures,”'®
can facilitate directional charge transport, although their
fabrication and integration into devices remain technically
challenging."* 2D perovskites comprise layered structures with
alternating organic and inorganic components, where strong
excitonic effects prevail due to the confinement of charge
carriers. In contrast, 3D perovskites possess a continuous
inorganic network with enhanced orbital overlap, which
supports efficient and balanced transport of both electrons and
holes.” The mixed-dimensional 2D/3D perovskite hetero-
junctions effectively combine improved stability with high effi-
ciency.”® Owing to quantum confinement, 2D perovskites
exhibit a discrete absorption spectrum with sharp excitonic
peaks and a blue-shifted absorption edge, whereas 3D perov-
skites display a broader absorption profile with a more gradual
onset, reflecting their continuous band structure. At hetero-
junctions, exciton dissociation and free carrier generation are
influenced by their optoelectronic properties, which impact
charge transport and recombination dynamics.'* Recombina-
tion processes, alongside energy funnelling’® and cascading
effects, further regulate carrier dynamics.

The differing transport mechanisms and emission charac-
teristics of charged carriers and neutral excitons necessitate
careful consideration in the design of optoelectronic and
photonic devices.'®” Electron-phonon coupling plays a crucial
role in hot carrier cooling, which occurs more rapidly in 2D
perovskites than in 3D counterparts. In 2D/3D heterostructures,
the cooling rate accelerates as the inorganic quantum well
thickness decreases. This cooling mechanism is primarily gov-
erned by electron-phonon interactions, significantly affecting
photon recycling and charge carrier lifetimes in perovskite-
based optoelectronic devices.*®

A well-coordinated interplay of photophysical processes—such
as charge carrier dynamics, energy transport, exciton-phonon
coupling, and exciton dissociation—is crucial for enhancing device
efficiency, stability, and operational lifespan.*®*°

In perovskite-based devices, interfaces critically govern
charge transport,® with LD perovskites playing a key role in
interface engineering for photovoltaic (Fig. 1(b)) and lighting
applications (Fig. 1(c)). Integrating wide bandgap LD layers

© 2026 The Author(s). Published by the Royal Society of Chemistry
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enhances performance by improving hydrophobicity, defect
passivation, and ion migration.** Controlling crystal orienta-
tion*””> and phase distribution in solution-processed 2D/3D
perovskite heterostructures enhances efficiency, reproduc-
ibility, and stability. Heterojunction growth and its quality,
whether LD on 3D or vice versa, are strongly influenced by
strain, surface states, inhomogeneities, and processing
conditions.***

A deep understanding of structural and interfacial dynamics,
along with controlled crystallisation®® and growth of LD/3D
heterostructures,*® offers promising avenues for advanced
multilayer architectures. Dielectric confinement in 2D perov-
skites, arising from low-permittivity organic spacers,
strengthens Coulomb interactions, increasing exciton binding
energy (Ep) and reducing free carrier generation. Spin-orbit
coupling (SOC) from heavy metal cations further modulates
electronic properties, while structural distortions from bond
length and angle variations impact bandgap tuning.*” Electro-
static interactions, such as dipole-dipole coupling between the
organic spacers and inorganic layers, also influence E},, where
optimised dipole moments facilitate efficient charge dissocia-
tion and transport.”® The incorporation of organic cations with
extended conjugation promotes efficient charge and energy
transfer across the organic-inorganic interface, tunes the
exciton binding energy, improves charge carrier mobility, and
enhances the intrinsic stability of the material.*® These
distinctions highlight the role of interface engineering in
enhancing charge transport and energy transfer in 2D/3D
perovskite heterojunctions as shown in schematic Fig. 1(d)
and (e).

2. Lattice mismatch, ligand
engineering and growth of the
heterojunctions

Molecular stiffness and steric effects regulate phase formation,
crystallisation, and crystal orientation in the perovskite
systems.*® The crystal structures of LD and 3D perovskites,
which significantly influence charge carrier dynamics, have
been extensively investigated (Fig. 2(a)-(c)). Lattice mismatch at
the 2D/3D interface results from differences in in-plane lattice
constants and structural incompatibility between the 3D
isotropic framework and the 2D layered structure. Even small
in-plane mismatches can accumulate strain at the interface,
leading to distortions in the BXs octahedra, including bond
tilting and stretching, which impact charge transport.* If the
2D perovskite's inorganic slab has a slightly smaller lattice
constant than the 3D phase, the 2D layer undergoes tensile
strain, while the 3D surface experiences compressive strain.
Thin 2D layers (low n-values) or flexible organic spacers can
partially accommodate this strain through elastic deformation.
Additionally, mixing long and short alkyl chain ligands can
balance tensile strain in perovskite films, reducing interfacial
stress and enhancing structural stability.*®

Lattice mismatch has been extensively studied by
researchers, as shown in Fig. 2(d). It has been reported that
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(a) Schematic of OD, 1D* and layered 2D and quasi-2D perovskite phases: Ruddlesden—Popper (RP), Dion—Jacobson (DJ) (reproduced

from ref. 30 with permission from Wiley, copyright 2022 License CC BY 4.0), and alternating cations in interlayer (ACI) structures,® (reproduced
from ref. 31 with permission from Springer Nature, copyright 2022 License CC BY 4.0). (b) Schematic stack structure of n—i—p perovskite solar
cells,®® reproduced from ref. 32 with permission from American Chemical Society, copyright 2023 License CC BY 4.0 (c) Device structure of
a typical perovskite light-emitting diode (LED) device® (reproduced from ref. 33 with permission from American Chemical Society, copyright
2023 License CC BY 4.0), schematic illustration of different types of band alignment in vertical heterojunctions at 2D/3D perovskite interfaces for
(d) photovoltaic (PV) applications, and (e) light-emitting diodes (LED) applications.

such mismatch can lead to the formation of surface states.’”
The higher and uneven surface potential of a 3D perovskite is
dictated by its ionic nature, grain boundaries, surface defects
(e.g., undercoordinated Pb** or I"), and termination (e.g., PbI,~
or MATI-rich). The potential difference creates an electrostatic
attraction that initiates nucleation, with the organic cations
anchoring to the 3D surface, followed by the assembly of inor-
ganic BX, octahedral layers. When precursors for 2D perovskites
(e.g., large organic cations like butylammonium, BA", paired
with Pbl,) are deposited, the higher surface potential of the 3D
perovskite drives the adsorption of these cations. The organic
spacers lower the surface energy by passivating defects*® and
forming a stable interface. A larger surface potential difference
accelerates nucleation but may lead to heterogeneous growth if
the 3D surface is uneven (e.g., due to grain boundaries),
potentially forming 2D phases with varying thicknesses (n-
values).**** The formation and crystallisation of the 2D phase on
the 3D phase are also closely related to the molecular stiffness
and steric hindrance of the ammonium group.**** A slower
crystallisation process helps achieve preferential orientation of
the 2D phase.** GIWAXS analyses of 3D, 3D/2D, and 2D perov-
skite films at surface- (0.1°) and bulk-sensitive (0.2°) angles
(Fig. 2(b), (c) and (e)—~(g)) show that 3D and 3D/2D structures
exhibit similar Bragg reflections with preferred orientation,
whereas the 2D phases (y and PB) in the bilayers are

Chem. Sci.

predominantly located at the surface, textured out-of-plane, and
display a broader angular distribution. Fig. 2(b) presents X-ray
reflectivity (XRR), which provides information on the out-of-
plane (specular) structure, film thickness, density contrast,
and 2D/3D perovskite interface quality. The 2D component is
primarily concentrated near the surface of the 3D/2D bilayer,
based on the variation in Bragg peak intensities with penetra-
tion depth. This corresponds to roughly four layers of (FEA),-
Pbl,, estimated from the total film thickness (~8 nm) and its
out-of-plane lattice spacing. Fig. 2(c) presents radially inte-
grated GIWAXS/GIXD data, which probes the overall material
crystallinity and the average crystal structure (phase identifica-
tion) within a thin film, essentially giving a 1D powder X-ray
diffraction pattern from a 2D image. The radial integration
combines both in-plane and out-of-plane information.
Together, XRR and GIWAXS offer complementary structural
information.* In situ GIWAXS revealed the dynamic formation
of the 2D/3D interface during vinylbenzylammonium bromide
(VBABr) treatment of MAPDI; films, showing the transient
appearance of an intermediate peak followed by the stable
formation of the n = 1 phase. The diffraction features indicate
that both intermediate and n = 1 species orient parallel to the
substrate, consistent with low-n RP phases.>®

The surface potential gradient at the 3D/2D interface influ-
ences the stacking direction of 2D perovskite layers. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structural and morphological differences between 2D, 3D, and 3D/2D perovskite films using GIWAXS, XRR, SEM, and lattice mismatch
analysis. (a) Illustration of GIWAXS (reciprocal maps for 2D/3D/2D perovskite for grazing incidence 0.1° and 1°, adopted from ref. 49 with
permission from American Chemical Society, copyright 2024), Inset: SEM images of an FEAI-treated 3D/2D perovskite film, respectively.® (b) XRR
data of pure 2D, 3D, and 3D/2D perovskite films. a.u. indicating arbitrary unit, (c) radially integrated GIWAXS intensity profiles collected at two
incidence angles—0.2° for bulk sensitivity and 0.1° for enhanced surface sensitivity?* (reproduced from ref. 21 with permission from Science,
copyright 2019). (d) Lattice mismatch between different monolayered A;Pbl4 perovskites (n = 1) and MAPbls (l4cm; n = «)* (reproduced from

ref. 37 with permission from American Chemical Society, copyright 2018), and (e) to

(9) reciprocal maps of 3D, 3D/2D, and pure 2D perovskite

films (angle of incidence = 0.1°). Green and orange circles denote the 2D-B and 2D-v structures, respectively.? (reproduced from ref. 21 with

permission from Science, copyright 2019).

application of 2D perovskite for surface passivation transforms
a large contact potential difference at the grain boundaries of
3D perovskite into a uniform potential distribution.”” In addi-
tion, the grain boundaries of 3D perovskites serve as preferen-
tial sites for 2D phase nucleation, correlating with passivation
mechanisms that enhance stability and efficiency in solar
cells.* A surface planarisation approach is employed on the 3D
perovskite to facilitate the epitaxial growth of a uniform 2D/3D
perovskite heterojunction. A positively charged 3D surface (e.g.,
Pbl,-terminated) attracts the negatively charged inorganic slabs
of the 2D perovskite, aligning them parallel to the surface. This
results in a 2D structure growing epitaxially on the 3D
substrate.”® The potential difference drives ion exchange or

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

diffusion at the interface. For example, smaller cations (e.g,
MA") from the 3D perovskite may partially incorporate into the
forming 2D layer, while larger organic cations penetrate the 3D
surface, creating a graded interface. This dynamic is sensitive to
processing conditions (e.g:, solvent polarity, annealing
temperature), which modulate the surface potential. A signifi-
cant potential mismatch can accelerate 2D growth but risks
over-conversion of the 3D phase into 2D, reducing the bulk 3D
properties critical for optoelectronic performance.” The 2D
seed optimises the crystallisation kinetics of 3D perovskite,
enabling its nucleation process to directly stride over the G*,
resulting in template-assisted growth.** The surface potential of
a 2D perovskite is lower and more stable due to the organic
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cation layer (e.g., BA" or, PEA"), which is hydrophobic and less
reactive.** This low-energy surface poses a challenge for 3D
perovskite nucleation, as it lacks the high-energy sites that are
typical of 3D surfaces.*> PEA,PbI,-based 2D perovskite is uti-
lised as a substrate to grow the high-quality CsPbl; film. Due to
a bottom-up self-diffusion process, PEA cations exhibit
avertical gradient distribution throughout the CsPbl; layer. PEA
cations induce the moderate distortion of the [Pblg]*~ octahe-
dron and slight lattice contraction of CsPbl; by chemically
bonding between Pb and N atoms. If the inorganic BX, slabs are
exposed (e.g., in higher n 2D phases), the 3D perovskite can grow
epitaxially, aligning its octahedral network with the 2D lattice.
The well-matched energy levels at the interface, because of the
gradual distribution, enhance hole transport.** The choice of
the octahedron tilting through interlayer bond angle variance is
possible by changing the organic cations.”

Tuning surface potential for improved heterojunctions in
perovskites of different dimensionalities involves organic cation
choice, surface treatments, and processing conditions like temper-
ature and solvent polarity, which influence ion mobility and
potential alignment.***

3. Energy band alignment

In 3D perovskites, charge transport is dictated by the continuous
[BXs]'™ octahedral framework, where bond lengths (B-X) and
angles (B-X-B) influence orbital hybridisation and electronic
properties. Strong orbital overlap, such as Pb 6s-I 5p at the
valence band maximum (VBM) and Pb 6p-1 5p at the conduction
band minimum (CBM)* facilitates narrow bandgaps and effi-
cient charge transport. High structural symmetry and uniform
lattice arrangements further enhance charge mobility.”** In
contrast, 2D perovskites form quantum well (QW) structures,*®
where organic spacer cations disrupt orbital hybridisation,
confining charge carriers and limiting cross-layer transport. The
Pb-I-Pb bond angle and interlayer spacing, dictated by spacer
cations, significantly influence the bandgap and charge mobility.
Hydrogen bonding™ and electrostatic interactions with halide
ions induce lattice distortions, which, along with electron-
phonon interactions (e.g., Jahn-Teller effect),” generate localised
energy states and enhance excitonic properties.

Optimising band alignment in 2D/3D perovskite hetero-
junctions as shown in schematic Fig. 1(d) and (e) is crucial for
efficient charge transport and depends on alkyl and conjugated
molecule selection and the 2D layer number (n-value). The band
alignment in 2D/3D perovskite heterostructures can be tuned
from Type-I to Type-II by adjusting the quantum-well thickness
of the 2D perovskite layer. In Type-I band alignment, excitons
funnel from larger bandgap (low-n) to smaller bandgap (high-n)
regions, enhancing energy transfer, supporting radiative
recombination, ideal for light-emitting applications.
Conversely, Type-II band alignment not only facilitates effective
trap passivation but also promotes efficient charge separation,
which is essential for photovoltaic performance. The gradual
shift in dimensionality, as well as the distribution of 2D phases
within a 3D structure, reveals additional layers of control over
band alignment.®® 2D perovskite heterostructures are

Chem. Sci.
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intrinsically prone to band misalignment due to thermal fluc-
tuations and structural softness, which can lead to oscillatory
band alignment between Type-I and Type-II at room tempera-
ture.”® Feng et al., using density functional theory (DFT), showed
that reducing the 2D component favours Type-I alignment for
energy funnelling, while a higher 2D ratio promotes Type-I1I
alignment for charge separation.*® Horizontally aligned
(PEA),PbBr,/CsPbBr; 2D/3D heterostructures tend to exhibit
a Type-1, or otherwise unidirectional, energy-transfer pathway
when the 2D perovskite layer is relatively thin. However, once
the 2D layer thickness exceeds ~150 nm, the carrier-transfer
characteristics shift and become more indicative of a charge-
transfer-dominated Type-II mechanism.>” The interspersed
2D/3D arrangement forms a p-n heterojunction with a built-in
potential, which increases upon photoexcitation, influencing
quasi-Fermi level splitting (QFLs). In cases where Type-I align-
ment forms in photovoltaic applications, the 2D layer must be
sufficiently thin to enable charge tunnelling”® and should
primarily serve to passivate surface states. This separation
enhances charge carrier lifetimes and is beneficial for photo-
voltaic devices. At the 2D/3D interface, excitons generated
within the 2D layer can dissociate, releasing free carriers into
the 3D phase, thereby increasing the overall carrier population
available for band-to-band recombination. The alignment of
interfacial energy is also notably influenced by the confined
dipoles of spacer cations and the nature of the perovskite
surface termination. The band alignment differs depending on
whether the termination involves an inorganic octahedron or
organic cations.’®*

The ability to manipulate Type-I and Type-II band align-
ments through structural engineering offers versatility in
applications ranging from high-efficiency photovoltaics to next-
generation LEDs.>

4. Energy transfer processes

LD perovskites typically have quantum-confinement effects due
to their restricted dimensionality, leading to higher exciton
binding energies and larger bandgaps compared to 3D perov-
skites.*® This makes LD perovskites excellent energy donors in
a heterojunction with 3D perovskites. Energy transfer typically
proceeds through two primary pathways: FRET and DET. FRET
operates as a long-range dipole-dipole interaction, generally
associated with singlet-singlet states,®* while DET is a short-
range electron-exchange process that can engage triplet-triplet
states and singlet-singlet states.®” In LD to 3D or 3D-like
perovskites, transfer may occur via FRET®*** (Fig. 3(a and b))
or DET, depending on the separation and interaction between
the two phases.

When light is absorbed by the LD perovskite (e.g., a 2D
perovskite layer), excitons (bound electron-hole pairs) are
created due to the material's high exciton binding energy. The
driving force for this energy transfer is the bandgap difference,
where the larger bandgap of the LD perovskite allows excitons to
transfer their energy to the smaller bandgap 3D perovskite. This
process enhances the overall light-harvesting efficiency in solar
cells. Generally, two types of excitons are observed in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The mechanisms of energy transfer in quasi-2D perovskites,
highlighting how structural design and spectral alignment enable
efficient exciton funnelling across layered domains. (a) FRET typically
refers to the non-radiative energy transfer between donor and
acceptor molecules modelled as point dipoles, with the transfer rate
(kop-op) inversely related to the sixth power of the distance d between
them. In the case of 2D perovskite quantum wells, the in-plane spatial
extension and appropriate spectral overlap are proposed to enhance
energy transfer rates (kop—kop), potentially due to a higher effective
density of acceptor sites. (b) Absorption and photoluminescence (PL)
spectra corresponding to the donor phase (n = 1) and acceptor phase
(n = 2) of the quasi-2D perovskite system (BA),MA,_1Pb,ls,.1 are
shown, highlighting their distinct optical characteristics®* (reproduced
from ref. 64 with permission from American Chemical Society,
copyright 2021), structural analysis and band alignment: (c) illustration
of the (PyBA),Pbl, crystal structure, representing an n = 1 two-
dimensional perovskite incorporating pyrene-based PyBA ligands. (d)
Comparison of exciton energy levels between the lead-iodide layer
(donor) and the pyrene moiety (acceptor), indicating the energetic
favourability for TET across the inorganic—organic interface. (e)
Transient absorption spectra of the (PyBA),Pbl, film recorded at
various time delays following selective excitation of the Pbls frame-
work®® (reproduced from ref. 68 with permission from American
Chemical Society, copyright 2024). (f) Transient absorption spectra of
energy-landscape-engineered quasi-2D perovskite films (n = 3),
comprising multiple domains through which energy is funnelled
toward the terminal n = 5 phase” (reproduced from ref. 72 with
permission from American Chemical Society, copyright 2017).

semiconductors, namely Wannier and Frenkel excitons.'® The
Wannier excitons are stretched over the host by numerous
lattice constants with small binding energies of <100 meV,
whereas the Frenkel excitons have large binding energies of
~500 meV, which are tightly bound to a single unit cell. Most of
the reports suggest the presence of the Wannier-type exciton in
2D perovskites, although no consensus on the nature of exci-
tons in 2D perovskites has been reached. A direct measurement
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yielded two excitonic features well separated from continuum
for BA,Pbl,.** Reports on PEA,PbI, indicate the presence of
Wannier-type excitons, although further investigations are still
needed to fully clarify the interplay between Frenkel and Wan-
nier excitonic behaviour. In 2D layered perovskites, excitons
exhibit a dual character: Frenkel-like localisation along the
stacking axis, combined with Wannier-like delocalisation
within the inorganic 2D plane. A notable feature is their strong
interaction with a longitudinal optical (LO) phonon mode of
approximately 17 meV, which dominates the PL linewidth
broadening. These findings emphasise the necessity of
accounting for the intricate exciton-phonon coupling mecha-
nisms when analysing the optoelectronic properties of 2D
layered perovskites.®® Almost ideal Dexter-type TET between
Wannier excitons in inorganic PbBr,>~ perovskite layers and
naphthalene molecules in the organic layer is reported by Ema
et al.* This transfer has shown an exponential dependence on
the separation distance, which was controlled by the length of
the tethering alkylammonium group that links the naphthalene
moiety to the inorganic layers. The I'; ,~ excitonic states display
comparatively long decay times on the order of 1-10 ns,
consistent with their stabilised excitonic character in these
quantum-confined structures. Upon interfacing with naphtha-
lene molecules, both the rate and efficiency of energy transfer
become highly sensitive to the spatial separation between the
inorganic exciton and the organic acceptor. In the reported N-
C1 configuration, the transfer efficiency approaches unity,
exceeding 99%, which demonstrates highly effective exciton
extraction. Furthermore, the observed near-exponential depen-
dence of the energy transfer rate constant on the donor-
acceptor distance indicates that short-range exchange interac-
tions dominate, identifying Dexter-type energy transfer as the
primary mechanism.®” Careful engineering of the organic-
inorganic interfaces in 2D hybrid perovskites enables efficient
TET (Fig. 3(c)-(e)), primarily driven by exciton quantum
tunnelling.®® Luo et al. have explored the role of quantum
confinement in TET for inorganic perovskite nanocrystals.*®
While LD perovskites can efficiently absorb light and generate
excitons, their high exciton binding energy can limit free charge
generation. For the n = 3 Ruddlesden-Popper perovskite
structure, the excitonic diffusion constant has been measured
to be approximately 0.18 cm” s~ '.7° However, when excitons
transfer energy to the 3D perovskite, they can dissociate into
free carriers (electrons and holes) more easily due to the lower
binding energy in 3D perovskites. This exciton dissociation in
the 3D perovskite domain boosts charge carrier generation,
improving the device's photoelectric conversion efficiency. The
2D/3D perovskite structure supports cascading energy transfer
by driving energy from wide bandgap to narrow bandgap
regions, limiting free charge diffusion and increasing electron
and hole densities. This process enhances radiative recombi-
nation by promoting higher band-to-band interactions. PL and
transient absorption spectroscopy (TAS) measurements confirm
energy cascading in GABr-treated perovskite films, evidenced by
new bleach features and red-shifted exciton peaks. Distinct 2D
absorption at ~413 nm and ~440 nm (n = 2, 3) and strong PL
from the n = 3 phase indicate efficient energy funnelling from
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wider to narrower bandgap regions.” However, localised 2D
perovskite distributions cause inconsistent energy alignment,
which could unavoidably introduce traps or defects, adversely
affecting the charge transfer.® By carefully controlling the
composition to form quasi-2D structures, it is possible to
promote rapid energy transfer into the lower-bandgap minority
phases, thereby reducing losses to non-radiative recombination,
as illustrated in Fig. 3(f).”> In a heterostructure composed of
PEA,PDbl, (n = 1) and PEA,(MA)Pb,l, (n = 2), energy transfer
occurs from the lower-n (n = 1) layers to the higher-n (n = 2) layers
following photoexcitation. This interlayer energy transfer takes
place on a timescale of ~10” ps, reflecting efficient excitonic
coupling and directional energy funnelling across the mixed-
dimensional interface.” In mixed-dimensionality perovskite
structures, the rate of energy transfer increases as the layer
number rises from n = 3 to n = 5 and beyond. The energy transfer
occurs on an ultrafast timescale of less than 1 ps, and studies also
report charge cascading from n = 3 to n > 5 phases.”™

In 2D perovskites, dielectric confinement originates from the
mismatch between the dielectric constants of the inorganic
framework and the organic spacer layers. Incorporating 2-(4-
(cyanophenyl)benzothiazol-2-yl)ethylammonium (CNBThMA)
as a semiconducting spacer has been shown to mitigate this
mismatch: its large dipole moment effectively balances the
dielectric disparity, while its face-to-face stacking arrangement
improves organic layer organisation and overall film
morphology, leading to enhanced photovoltaic efficiency.” The
presence of dielectric confinement amplifies the influence of
quantum confinement, further increasing the exciton binding
energy and reducing the effective electron-hole pair size, even
in the absence of physical dimensional reduction.” Building on
this concept, efficient blue LEDs have been realised using
colloidal, quantum-confined 2D perovskites with stacking
precisely controlled to the single-unit-cell level (n = 1).
Embedding these 2D layers in low-k organic host matrices
effectively creates a system of dielectric quantum wells, which
substantially boosts the exciton binding energy via dielectric
confinement. Energy funnelled through FRET is subsequently
radiatively recombined within the 2D perovskite domains,
delivering bright and stable emission.””

The length of the alkyl chain plays a crucial role in determining
both the exciton type and the energy transfer mechanism in 2D
perovskites.®* The energy landscape at the 2D/3D interface is largely
influenced by the choice of organic cation, as the size of the cation
affects the positioning of the inorganic octahedra.*” While many
studies point to the presence of Wannier-type excitons or Frenkel-
Wannier hybrid excitons, their exact nature remains a topic of
debate. Irregularities in phase distribution can hinder the smooth
energy cascade, negatively impacting overall device efficiency.”®
These insights highlight the importance of precise interface engi-
neering in LD/3D perovskite heterojunctions.

5. Charge transfer processes

Charge transfer refers to the movement of electrons and holes
between LD and 3D perovskite layers . This process is crucial for
extracting/injecting carriers in devices such as solar cells and
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LEDs.”” While 2D perovskites exhibit strong exciton binding
energy, excitons transferring to adjacent 3D layers can generate
free charge carriers. Mixed-dimensional perovskites with higher
n-values enhance charge separation due to their lower exciton
binding energy (Ey). Additionally, the built-in electric field at the
3D/2D p-n junction facilitates hole extraction and quasi-Fermi
level alignment.®*>®* The energy level alignment between 2D/
3D perovskite, which changes upon illumination, is shown in
Fig. 4(a).® At the 2D/3D interface, excitons generated in the 2D
layer can dissociate, enabling electrons and holes to transfer
into the 3D phase driven by favourable band alignment and
built-in electric fields, thereby facilitating efficient charge
separation. These carriers are subsequently extracted into the
respective electron and hole transport layers. Their transport
behaviour can be probed using single-carrier devices, as shown
in Fig. 4(b) and (c). Optimising charge transfer at the LD/3D
interface requires precise heterojunction engineering to mini-
mise potential barriers and defects.** The dipole moment of the
organic cation influences the internal electric field, and when
band bending is suitably tuned, it can facilitate efficient charge
transport within the device.®* Additionally, the nature of the
organic cation plays a key role in determining the extent of
quantum confinement, which in turn affects carrier mobility.
Due to these confinement effects, LD perovskites generally
exhibit lower carrier mobility compared to their 3D counter-
parts. In 2D organic-inorganic perovskites, reduced in-plane
charge mobility and broad emission are primarily attributed
to structural factors such as gauche conformations and distor-
tions within the organic cation chains.*

To optimise charge transport properties, aligning 2D perov-
skite flakes with respect to the substrate is important.*® The
bulky organic cations in 2D perovskites hinder charge transport
in a parallel configuration, necessitating hopping across long-
chain organic ligands. In contrast, vertical stacking enables
a direct transport pathway, improving charge transfer efficiency.
Low charge mobility in 2D halide perovskites is primarily
influenced by electron-phonon scattering, as observed in
temperature-dependent microwave conductivity studies of
BA,MA,,_1Pb,I3,., systems.” However, as the n-value increases,
charge transport begins to resemble 3D behaviour, suggesting
that dynamic disorder significantly impacts the local crystal
structure and charge mobility. Strong electron-phonon
coupling in 2D perovskites leads to small polaron formation
and local lattice distortions, which hinder efficient band-edge
transport and result in hopping-like transport. While this
limits charge mobility, it enhances broadband emission,
making 2D perovskites promising for white-light LEDs.
However, the precise nature of phonon interactions affecting
charge mobility remains under debate.®® Lattice distortions at
the heterojunction contribute to energy dissipation by non-
radiative processes. Engineering the lattice to minimise
exciton-phonon coupling, for instance, could reduce non-
radiative losses and enhance charge transport.** Minimising
polaron formation in 2D/3D perovskite heterojunctions is
crucial for enhancing charge transport efficiency and device
performance.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The figure highlights band alignment and carrier dynamics across 2D/3D perovskite interfaces, showcasing charge transfer and
recombination behaviour in layered and nanocrystal domains. (a) Spatially resolved band alignment maps across 2D/3D perovskite hetero-
interfaces, shown in dark conditions and under 515 nm illumination, reveal the evolution of local electronic states. The conduction band
minimum (E¢), valence band maximum (Ey), and Fermi level (Ef) are indicated® (reproduced from ref. 82 with permission Elsevier Ltd, copyright
2021). (b) PL spectra measured under hole-only electrical injection, showing relative enhancement of lower-n emission features with increasing
current. (c) PL spectra under electron-only injection, exhibiting stronger cascade behaviour compared to hole-only case. Insets in (b) and (c)
show PL spectra under different current levels.®® (reproduced from ref. 63 with permission Elsevier Ltd, copyright 2018). (d) Illustration of carrier
transfer pathways across multiple quantum wells (MQWs) in quasi-2D perovskites with different layer thicknesses (n = 1-3) and nanocrystals
(NCs).*° (e) PL excitation spectra, showing PL peaks at 2.44 eV (NC resonance, solid lines) and 2.70 eV (n = 3 resonance, dotted lines).*° (f) Steady-
state PL spectra of PA,(CsPbBrs),,_1PbBr, films with varying Cs™ dose showing the evolution of emission from low-n to NC phases, along with
time-delayed steady-state PL spectra revealing the spectral dynamics of the MQW components.®® (g) Time-resolved PL decay curves of
representative phases, highlighting faster recombination in NCs® (reproduced from ref. 90 with permission from John Wiley and Sons, copyright

2018).

In 2D perovskites, strong electron-phonon coupling can lead
to the formation of small polarons, which are more localised
and have lower mobility. This localisation can trap carriers,
reducing their ability to participate in charge transport across
the 2D/3D interface. The formation of polarons introduces
delays in charge transfer across the heterojunction. Since
polarons are heavier and less mobile, they require more energy
to move across the interface, which can slow down the overall
charge transport process."®

Milot et al. investigated charge transport in 2D perovskites by
varying the MA-to-PEA ratio in MA,,_;PEA,Pb,I;,., thin films.
Their findings highlight a trade-off between crystal orientation
and charge transport efficiency.” Faini et al. reported that hole
transfer from the n = 3 to n = 1 phase occurs within tens of
picoseconds, whereas electron transfer is more constrained due
to the high exciton binding energy and low diffusionin then =1
phase.”” Fluorination of PEA cations effectively modulates
charge and energy transfer in heterostructures.” Considering
mixed-dimensional 2D/3D perovskite, photo-induced carrier
blocking is observed because of the high built-in potential.®*
SOC affects the electronic structure and charge carrier
dynamics®® in LD and 3D perovskites. SOC also affects the

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

asynchronous charge transport in 2D perovskite®® along with
a reduction in bandgap,* while in 3D perovskites, SOC accel-
erates the nonradiative relaxation of hot carriers, contributing
to longer-lived charge carriers.”” Improved carrier lifetime is
observed for 2D/3D/2D heterostructures.*®

In well-engineered LD/3D heterojunctions, charge-carrier
tunnelling across the interface can occur when the LD perov-
skite layer is sufficiently thin, thereby minimising recombina-
tion losses. Under such conditions, the LD layer can
simultaneously improve environmental stability and light
absorption without significantly hindering charge transport.
For example, the insertion of a self-assembled 2D BA,PbBr,
tunnelling layer between SnO, and the 3D perovskite in wide-
bandgap perovskite solar cells effectively reduced carrier los-
ses associated with band alignment mismatch.*® Similarly, 1D-
3D hybrid structures exhibit improved charge transport due to
favourable interfacial energetics, reflected in a marked reduc-
tion in the carrier transport time constant (from ~1.6 to ~1.1
microseconds), indicating more efficient carrier extraction and
suppressed recombination.’® In contrast, 0D perovskites
display distinctly different optoelectronic behaviour compared
with other reduced-dimensional systems. The presence of
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electronically isolated metal-halide clusters results in strong
quantum confinement, leading to higher exciton binding
energies and pronounced carrier localisation. In Na-alloy-
engineered 3D/0D metal-halide heterostructures, efficient
charge transfer from the 3D phase to the 0D phase has been
demonstrated (e.g.,, Cs,NaLuCls (3D)/Cs;LuCls (0D)). The
formation of the 3D/0D heterostructure also results in a shorter
PL lifetime compared to the pristine 3D phase, confirming
enhanced interfacial charge transfer. The increased charge
density in the 0D phase further promotes energy transfer from
[LuClg]*~ to [SbClg]>~, which enhances the self-trapped exciton
emission of the 0D acceptor. Notably, direct energy transfer
between [SbCls]>~ units across the 3D and 0D phases is sup-
pressed due to the narrow excitation window associated with
the [SbCle]*~ species.'*

Electron-phonon coupling plays a dual role in charge
transport across 2D/3D perovskite heterojunctions.®® While
excessive coupling can hinder mobility and interfacial transfer
through scattering and polaron formation, moderate coupling
facilitates energy dissipation and improves device performance
when properly engineered.'® At the 2D/3D interface, the transi-
tion in coupling strength can create a bottleneck for charge
transport. Dipole moment of the organic cations can be tailored
to improve band bending for improved charge extraction.*

Overall, these examples highlight that while LD perovskites
including 1D and 2D can preserve efficient charge transport
through interfacial tunnelling and favourable band align-
ment,” 0D perovskites operate via fundamentally different,
confinement-driven charge transfer pathways, underscoring the
critical role of dimensionality in dictating transport efficiency,
recombination dynamics, and optoelectronic functionality in
perovskite heterostructures.***

6. Synergistic interplay between
energy and charge transfer

Interlayer charge transport in 2D/3D perovskites is influenced
by interfacial scattering, defect trapping, and exciton local-
isation. These interactions critically affect exciton dissociation
rates and charge carrier dynamics, directly impacting opto-
electronic performance. Strong excitonic effects in 2D perov-
skites enhance electron-phonon coupling, influencing carrier
mobility, hot-carrier relaxation, and emission broadening.®¢*%
Studies reveal a complex interplay between TET and charge
trapping,'® with sub-picosecond hole transfer driving triplet
sensitisation instead of conventional Dexter transfer mecha-
nisms.' Both energy and charge transfer processes have been
observed to coexist in 2D/3D hybrid perovskites, featuring an
exceptionally fast initial transfer occurring in under 100
femtoseconds, followed by a slower transfer pathway lasting
between 2 to 15 picoseconds. Femtosecond energy transfer is
fast enough to move excitons out of high-binding-energy 2D
regions before they recombine, enabling more efficient charge
separation and collection in 2D/3D perovskite solar cells.?*%*
This rapid transfer is attributed to the strong coupling between
the distinct perovskite phases (Fig. 4(d)-(g)).*>*>'*¢
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6.1. Energy transfer enhancing charge generation

Energy transfer from the 2D to the 3D perovskite domain
enhances free charge generation in the 3D phase, which, due to
superior transport properties (Fig. 5(a)), efficiently separates
and directs charges toward electrodes. Wang et al. identified
two distinct processes in 2D/3D CsPbBr; hybrids: a fast hot-
carrier relaxation and a slower energy transfer from 2D to 3D,
extending charge carrier lifetimes (Fig. 5(b) and (c)). TRPL and
TAS confirmed that this transfer affects ground-state bleaching
and contributes to improved device performance.” Photons

(a) PA,(CsPbBr;),,_,PbBr
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Fig.5 The figureillustrates energy and charge transfer across CsPbBrz
quantum wells and hybrid 2D/3D assemblies, highlighting Forster-type
exciton funnelling and dynamic carrier transfer from lower-to higher-
n phases. (a) Band diagram of PA,(CsPbBr3),,_; PbBry, MQWs illustrating
energy transfer (green arrows) and electron charge transfer (red
arrows) between quantum wells of different n value® (reproduced
from ref. 63 with permission from Elsevier Ltd, copyright 2018). (b and
c) Schematic representation of Forster-type energy transfer in 2D/3D
CsPbBrz hybrid structures, where photoexcited carriers in the 2D
nanoplatelets nonradiatively transfer energy to adjacent 3D nano-
crystals. (d) The rise and decay (e) times of the ground-state bleaching
(GSB) signal for 2D CsPbBrs nanoplatelets (n = 5) at 484 nm under
varying reaction temperatures. Tg denotes temporal resolution; 1y is
the rise time; and 1p is the decay time. The extended rise time of the
GSB signal suggests energy transfer from lower-n phases (n =2, 3, and
4) to the n = 5 phase within the 2D CsPbBrs hybrid structures'®’
(reproduced from ref. 107 with permission from AIP publishing,
copyright 2024).
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absorbed by 2D layers generate photocurrent via energy transfer
to the lower-bandgap 3D-like phase (Fig. 5(d) and (e)), which
primarily governs charge transport. This interplay effectively
bridges small-n 2D and 3D-like phases, promoting efficient
carrier extraction and reducing charge accumulation, thereby
minimising recombination losses. While phase distribution
and band alignment complexities introduce intricate energy
landscapes, influencing charge and energy funnelling, phase
composition adjustments alter carrier transport pathways, with
small-n phase accumulation doubling the carrier diffusion
coefficient (from 0.085 to 0.20 cm” s~ ) and extending diffusion
length by 1.5 times. The phase-order engineering further
enhances charge separation, underscoring the role of molecular
and structural design in optimising perovskite optoelectronic
performance.'*®

6.2. Charge transfer enhancing radiative recombination

The broad n-phase distribution in quasi-2D perovskites leads to
inefficient charge transport, broadening the luminescence and
introducing parasitic emissions. While quasi-2D structures
improve luminescence efficiency, they also create complex low-
dimensional phase distribution issues. Layered 2D halide
perovskites suffer from nonradiative carrier losses, particularly
under high carrier injection fluences, due to many-body inter-
actions such as Auger recombination and exciton-exciton
annihilation (EEA). Compared to 3D perovskites, 2D systems
exhibit faster EEA and Auger recombination due to their high
exciton binding energies and strong coulombic interactions.®®
Surface and grain boundary (GB) passivation of DMA" (di-
methylammonium) creates a 2D/3D hybrid heterojunction. This
enhances charge transfer while suppressing trap-assisted non-
radiative recombination.” Introducing high-polar organic
cations, such as p-fluorophenethylammonium (p-FPEA"), at the
A-site reduces exciton binding energy (E.), lowering the Auger
recombination rate by an order of magnitude and improving
efficiency."® In quasi-2D films, efficient energy transfer
concentrates photoexcited states into radiative domains,
allowing bimolecular radiative recombination to dominate over
defect trapping. This enhances photoluminescence quantum
yield (PLQY), making these materials promising for high-
efficiency optoelectronic applications. Additives like methane-
sulfonate (MeS) further optimise energy transfer by promoting
structural reconstruction and defect reduction, mitigating
nonradiative recombination and enhancing overall device
performance.”* The efficiency of charge and energy transfer in
LD/3D perovskites depends on interface quality, as interfacial
traps can cause recombination losses. Molecular dipole
moment engineering offers a solution by tuning energy levels
and built-in potential (V;) in 3D/2D heterojunctions. Inte-
grating passivating dipole layers (PDLs), such as 4-methoxy-
phenylphosphonic acid (MPA), improves band alignment and
electron extraction in p-i-n perovskite solar cells."*?

Efficient conversion between excitons and free charges is key to
the high performance of the optoelectronic device. Strategic struc-
tural engineering, defect passivation, and interface optimisation
are essential for controlling carrier dynamics and minimising
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nonradiative losses.*® These advancements pave the way for high-
performance, next-generation optoelectronic devices.

7. Role of heterojunctions in
perovskite devices

In exploring the impact of LD/3D heterojunctions on solar
cell'® and LED performance, a significant opportunity emerges
for enhancing both power conversion and light-emission effi-
ciency (Fig. 6)."* The carrier dynamics management at 2D/3D
heterojunctions can be effectively achieved through molecular
engineering. One promising strategy involves designing -
conjugated organic cations, which not only promote the
formation of stable 2D perovskites but also enable precise
tuning of the energy levels at the 2D/3D interfaces. This tailored
alignment facilitates reduced hole-transfer energy barriers
across the heterojunction and within the 2D domains.
Furthermore, the associated work-function modulation mini-
mises interfacial charge accumulation, thereby enhancing
overall device efficiency.”® In LEDs, this LD/3D interaction
enhances light emission by directing energy from the LD to the
3D layer, leading to increased brightness and improved colour
purity, making these heterojunctions particularly beneficial for
high-luminescence applications such as display and lighting
technologies. In these perovskite systems, fine tuning of the
crystal structure,'*® optimising exciton energy transfer and
minimising deep defect states is essential for achieving high
emission efficiency. In conventional n-i-p PSCs, a Type-II band
alignment naturally forms between the 3D and 2D layers due to
the broad bandgap and high valence band position of 2D
perovskites. This alignment acts as an effective electron-
blocking barrier, enhancing both open-circuit voltage (Vo)
and fill factor (FF). However, in inverted p-i-n PSCs, the 3D/2D
junction introduces a high energy barrier for electron extrac-
tion, impeding charge transport to the ETL and reducing effi-
ciency. a-FAPbI; has gained massive interest in recent years.'"”
In situ-formed 2D perovskites can regulate nucleation (Fig. 6(a))
and promote the oriented crystal growth of a-FAPbI;-rich films,
leading to high-quality films with lower trap densities and
extended carrier lifetimes, achieving power conversion effi-
ciencies as high as 26.16%."® Zhang et al. have reported excel-
lent stability of high performance solar cells involving 2D/3D/
2D structures (Fig. 6(b)—-(d)).*® Tin (Sn) offers a more environ-
mentally sustainable alternative to lead (Pb), yet tin-based
perovskites tend to suffer from reduced stability. Employing
a layered LD perovskite structure can help mitigate degradation
caused by self-doping and limit the oxidation of Sn**, thereby
enhancing the material's overall durability.'*® Carefully selected
long-chain or bulky organic ligands with aromatic rings—
capable of forming m-m stacking—help stabilise the layered
structure, mitigate energy barriers and thereby resulting solar
cells with efficiencies as high as 25.7%.'*° Heterostructures
combining 2D and 3D perovskite phases, often achieved
through long-chain organic ammonium post-treatments, on 3D
perovskites have shown remarkable improvements in perov-
skite LED (PeLED) performance. The solution-based process
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Fig. 6 Device performance and stability. (a) Schematic depiction of the 2D-perovskite-assisted controlled growth (2D-ACG) approach, where in
situ formation of 2D phases guides the crystallisation of the perovskite film*® (reproduced from ref. 118 with permission from John Wiley and
Sons, copyright 2024). (b) Cross-sectional view of the device featuring 2D/3D/2D perovskite along with the transport layers and contacts. (c) Box
plots summarising the statistical distribution of PCE values across devices employing different perovskite configurations. (d) MPP stability
monitoring of encapsulated devices incorporating various perovskite architectures, measured under 1-sun illumination in ambient air at room
temperature.®® (reproduced from ref. 98 with permission from John Wiley and Sons, copyright 2023). (e) Schematic of the device architecture
based on 3D or 2D/3D perovskites as emissive layer. (f) EL spectra of 3D and 2D/3D perovskites based PeLEDs with varying emission peaks. Insets
are corresponding photograph of PeLED under constant voltage!? (reproduced from ref. 121 with permission from Elsevier Ltd, copyright 2022).

enables the formation of a thin low-dimensional capping layer,
which not only enhances radiative recombination efficiency but
also promotes better crystallisation of the perovskite film by
reorganising the surface. Moreover, such treatments yield
homogeneous mixed-halide 2D/3D structures with improved
colour saturation, a factor crucial for maintaining electrolumi-
nescence (EL) stability. These structural and optoelectronic
benefits translate into ultra-low turn-on voltages, efficient
charge injection, and highly effective radiative recombination,
leading to high brightness and excellent external quantum
efficiencies (EQEs). Notably, 2D/3D perovskite engineering has
enabled tunable blue PeLEDs with competitive performance,

Chem. Sci.

addressing one of the key challenges in perovskite optoelec-
tronics (Fig. 6(e) and (f))."”** Furthermore, incorporating low-
dimensional phases into 3D perovskites ensures stable EL
under applied biases, supporting long-term operation without
wavelength shifts or peak splitting, as demonstrated by Lin et al.
in red LEDs. For instance, the EL spectra reported under varying
voltage injections clearly illustrate the stable emission of
devices employing PA,CsPb,I; as the active layer.” These
findings highlight the importance of tailored LD/3D configu-
rations to meet the specific functional demands of solar cells
and LEDs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The integration of LD/3D heterojunctions presents a promising
strategy for enhancing both power conversion efficiency in solar
cells and light-emission efficiency in LEDs. In solar cells, LD
perovskites improve stability and facilitate an optimal balance of
energy and charge transfer within the 3D structure. The 3D perov-
skite layer serves as the primary charge transport channel, com-
plementing the stability of LD perovskites, resulting in more durable
and efficient devices with improved environmental resilience.">***

7.1. Impact on stability and performance

Beyond optimising energy and charge transfer, LD perovskites
significantly enhance device stability.*** Their layered structure
provides superior resistance to environmental stressors such as
moisture, heat, and oxygen, acting as a protective barrier for the
underlying 3D perovskite layer.”™ By passivating surface
defects®® and shielding against degradation, the LD layer
improves long-term operational stability without compromising
charge or energy transfer."*®> Among LD perovskites, D] and ACI
types exhibit greater stability than RP perovskites due to
reduced or absent van der Waals forces within spacer cation
bilayers and shorter interlayer distances.*® Hydrogen bonding
between spacer cations and inorganic slabs further reinforces
structural integrity, enhancing resistance to environmental
degradation.”® He et al demonstrated that 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIMBF,) converts
excess Pbl, into robust 1D EMIMPDbI;, which withstands lattice
strain while forming an interfacial dipole layer at the SnO,/
perovskite interface. This reconfigures the interfacial energy
band, accelerating charge extraction while maintaining high
efficiency and excellent stability.”** Dipropylammonium iodide,
a compact yet bulky secondary ammonium cation, facilitates
the formation of the perovskite layer that exhibits longer carrier
lifetime, enhanced thermal stability, and strong resistance to
heat-induced degradation.”” Spacer cation steric effects influ-
ence the spatial arrangement, orientation, electrical conduc-
tivity, and optoelectronic properties of layered perovskites. The
incorporation of large cations as additives and for surface
termination effectively passivates surface defects, enhances
stability against humidity-induced degradation, and minimises
ion migration* by stabilising both cations and halide anions
(Fig. 6(a) and (d)). It is noteworthy that studies have reported the
formation of a quasi-2D graded perovskite structure at the 2D/
3D heterojunction over time, while maintaining solar cell
performance.*** As LEDs operate at higher voltages than solar
cells, ion migration is naturally more pronounced in these
devices. The incorporation of 2D or quasi-2D perovskites in
LEDs helps to reduce intergrain ion migration, although the
devices remain somewhat susceptible."*® Directionally aligned
and well-ordered phase distributions facilitate efficient carrier
transport, whereas disordered or randomly distributed phases
introduce trap states and localised charge accumulation that
accelerate material degradation. The same phase landscape
that governs exciton funnelling therefore also dictates ionic
transport and long-term stability. In particular, a smoothly
graded distribution from low-n to high-n quantum wells
establishes continuous energy cascades,** reducing carrier

© 2026 The Author(s). Published by the Royal Society of Chemistry
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trapping in intermediate phases and minimising local electric
fields that drive ion migration and halide segregation. Efficient,
spectrally well-defined funnelling, characterised by rapid low-n
to high-n energy transfer serves as a hallmark of low defect
density, robust organic inorganic interfaces, and controlled
lattice strain. This interplay is clearly reflected in additive-
engineered quasi-2D PeLEDs, where molecular additives
simultaneously tailor the n-phase distribution and passivate
defects, resulting in higher external quantum efficiency and
markedly extended device lifetimes."* By rapidly directing
excitons into lower-energy radiative domains, efficient funnel-
ling reduces exciton residence near defect-rich regions, sup-
pressing nonradiative recombination and mitigating photo-
induced ionic motion. Conversely, inefficient funnelling leads
to exciton bottlenecks, localised heating, and high carrier
densities, which promote halide segregation, ligand loss, and
lattice distortion in structurally vulnerable regions. Overall,
these advances underscore the importance of strategic spacer
cation design and a detailed understanding of interfacial and
energy-transfer dynamics in achieving stable, high-performance
perovskite optoelectronic devices.*'*® (see Table 1 for
a summary of A-site cations and their applications).

8. Computational perspectives on
charge and energy transport in LD/3D
perovskite heterojunctions

8.1. Interfacial band alignment and ultrafast carrier
dynamics

Although perovskite devices have demonstrated remarkable
efficiencies exceeding 26%, a comprehensive theoretical
understanding of the fundamental mechanisms, which is
crucial for the rational design of these heterojunctions, is
lacking. Their unique confinement effects and synergistic
transfer pathways for charge, excitons, and phonons are diffi-
cult to capture experimentally. Simulations help elucidate band
alignment, defect dynamics, and interfacial energetics, offering
critical insights into the design principles governing perfor-
mance in perovskite-based optoelectronic devices. DFT*® and its
advanced extensions, such as GW, non-adiabatic molecular
dynamics (NAMD), have played a pivotal role in probing the
electronic structures (Fig. 7(a)-(f)) and intricate interactions at
these heterojunctions and deciphering the atomistic and elec-
tronic origins of various phenomena.*** This section focuses on
the computational and theoretical perspective of understanding
the fundamental processes governing the energy and charge
transfer in LD/3D perovskite heterojunctions, emphasising
interfacial band-alignment and heterojunction formation,
exciton dissociation and charge carrier dynamics, phonon-
assisted energy funnelling and TET, defect tolerance, and
interfacial stability.

The electronic coupling between LD and 3D perovskite
phases is primarily determined by the relative band alignment,
which can be of Type-I (straddling) or Type-II (staggered),
dictating the flow of charges and energy. DFT simulations are

instrumental in elucidating these alignments. Recent
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Fig. 7 Simulated electronic structure considering the HOMO and LUMO Kohn-Sham orbitals at the high-symmetry point for (a) and (b)
PEA,PDLBr,, (c) and (d) PEA; soNEAq 50PbBry, and (e) and (f) NEA,PbBr,. The red and blue curves represent the projected atomic contributions
from the lead octahedra and organic moiety. (g) Estimated exciton binding energy (left axis, black circles) and charge-transfer (CT) character
(right axis, red squares) for the lowest-energy exciton across this class of 2D perovskites.*** Quantum-tunnelling-driven TET. (h) Spin-polarised
projected density of states (PDOS) for the (PyBA),Pbl, system, with the charge densities of the initial TET orbitals localised in the lead-iodide layer.
(i) Charge density difference between the final and initial orbitals of the hole (left) and the electron (right) involved in TET. Red indicates the initial
orbitals localised onto the [Pbl4]?~ perovskite core, while blue indicates the final orbitals localised onto the pyrene molecular layer. (j) Schematic
representation of the Gibbs free energy surfaces as a function of the nuclear configuration of TET from Pb—I to pyrene in the Marcus-inverted
regime, illustrating the enhanced vibrational overlap between the donor and acceptor wave functions. (k) Plot showing the theoretically pre-
dicted (orange) and experimentally determined (blue) TET time scales as a function of temperature, demonstrating the weak T-dependence of
the triplet transfer rate due to tunneling. The shaded blue area indicates the experimental uncertainties in determining the TET times®®
(reproduced from ref. 68 with permission from American Chemical Society, copyright 2024). Fitted time evolution of populations for hot
electrons and average nonadiabatic couplings (NAC) between all related electronic states during the NAMD simulations for (BA),(MA)Pb,l; (L and
n) and MAPbIs (m and 0)*” (reproduced from ref. 157 with permission from American Chemical Society, copyright 2019).

experimental and computational studies have demonstrated
the tuning of the effective bandgap by modulating the interfa-
cial charge transfer in model 2D/3D interfaces.””**>'** Recent
high-throughput DFT screening, accelerated by machine
learning algorithms, has identified optimal organic spacer
cations that can fine-tune the band offsets while maintaining
structural stability."****> The introduction of w-conjugated
spacers can enhance charge delocalisation across the hetero-
interface, as is evidenced by projected density of states (PDOS)
analyses.

Electron-phonon interactions at the LD/3D interfaces can
either suppress traps and aid transport or enhance recombina-
tion,"**¢ depending on material properties. Thus, understanding
phonon-driven charge dynamics is crucial for optimising device
performance. The actual charge separation at these interfaces

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

occurs on ultrafast timescales, as is revealed by NAMD simula-
tions."”'*® These studies demonstrate that the initial photoexci-
tation in the LD phase rapidly dissociates at the interface, with
electrons injected into the 3D phase within hundreds of femto-
seconds.™’ The organic spacer layer between the perovskite sheets
is crucially responsible for the modulation of these processes.'>****
Kinetic Monte-Carlo simulations further complement these find-
ings by modelling defect-assisted trapping and detrapping
processes, showing that the passivated interfaces exhibit carrier
diffusion lengths of greater than 1 pm.**

8.2. Exciton dissociation and energy transfer pathways

While 3D perovskites naturally dissociate excitons due to low
binding energies, 2D perovskites—despite strong exciton
binding—also yield free carriers under illumination, likely via
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edge states or polaron screening.***** Exciton dissociation in
Type-1I band alignment is mediated through interfacial charge
transfer. The 2D component acts as the exciton harvester, while
the 3D phase provides efficient charge transport channels. The
computational insights from time-dependent (TD) DFT and
NAMD reveal ultrafast electron transfer from 2D to 3D domains
with vibronic coupling as the leading force of exciton decoher-
ence."” The emerging paradigm suggests two synergistic path-
ways: direct exciton dissociation into free carriers at the
interface and energy funnelling to the 3D phase, which is gov-
erned by band alignment and interfacial fields.

Besides charge separation, energy transfer processes in LD/
3D perovskite heterojunctions play a pivotal role in optoelec-
tronic functionality, especially in light-emitting devices. A well-
established energy transfer mechanism, FRET, can funnel
excitonic energy from a 2D donor to a 3D acceptor if the emis-
sion spectrum of 2D overlaps with the absorption spectrum of
3D. Computationally, one can evaluate the FRET rates by
calculating exciton wavefunctions and dipole moments via
time-dependent DFT, confirming that the oriented 2D/3D
crystals with small spacing yield enhanced FRET effi-
ciency.®>*** For tightly coupled interfaces, Dexter energy transfer
may also occur.®® Dexter mechanism requires wavefunction
overlap and can lead to energy transfer, including spin-
forbidden excitons. Pure Dexter transfer is less common
amongst the inorganic perovskite layers but becomes relevant
in cases where triplet states are involved or when an exciton is
deeply trapped in a 2D layer and is unable to dissociate. TET is
important while considering perovskite heterojunctions with
organic components. Due to strong SOC effects for lead and
heavy halides, intersystem crossing can populate the triplet
excitons either in perovskite layers or adjacent organic
spacers.®®*>>13¢ For example, in a 2D perovskite with an aromatic
spacer (like naphthylethylammonium, NEA), it was shown that
upon excitation, the hole localises on the organic moiety while
the electron remains in the Pb-I framework, effectively creating
an excited triplet on the organic part.'***** Theoretical model-
ling of these processes involves calculating the electronic
coupling for triplet states and can leverage DFT/Marcus theory
or multireference methods, since an accurate description of
spin-triplet energetics is required.®®**>'*> TD-DFT and NAMD
simulations are essential for understanding the charge trans-
port and energy transfer processes, as summarised in
Fig. 7(2)—(0). They also help in investigating the impact of strain
and defects on the long-term stability and charge transport
efficiency of the device. Theoretical models such as FRET and
DET are useful for studying the energy transfer between exci-
tons at the LD/3D interface. FRET typically occurs over long
distances, while DET is effective for short-range interactions.
TET is particularly important when triplet excitons are involved.
These models help in understanding how energy is transferred
across the interface and the efficiency of charge separation and
extraction.

LD/3D perovskite heterojunctions can redirect excitation energy
through FRET or Dexter/TET pathways in addition to direct charge
transfer. These mechanisms have practical consequences, such as
FRET-based exciton funnelling in quasi-2D perovskites enhances
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the radiative efficiencies in LEDs by concentrating excitations in the
lowest bandgap domains, while TET opens pathways for multi-layer
upconversion and hybrid spintronic devices. Computational studies
that simulate excitonic states and their couplings provide quanti-
tative estimates of FRET rates and Dexter exchange integrals,
linking molecular-level interactions to experimentally observed
energy transfer dynamics.®*'*® The ability to harness the synergy
between energy and charge transfer in these systems makes these
perovskite heterojunctions quite promising for next-generation
optoelectronics.

9. Outlook and conclusive remarks

A significant research gap remains in understanding the
complex interplay of energy and charge transfer in LD/3D
perovskite heterojunctions, an area crucial for advancing
perovskite-based optoelectronic devices. While charge-transfer
mechanisms have been partially explored, the role of energy
transfer and its correlation with charge dynamics are still not
well established. Band alignment at the LD/3D interface, which
is strongly influenced by the size and type of organic cations,
requires thorough investigation to enable precise control of
carrier dynamics for targeted applications.

LD perovskites are known to offer superior environmental
and photostability compared to their 3D counterparts; however,
processes such as defect passivation and interfacial charge
transfer remain insufficiently studied. In addition, mechanisms
such as Dexter and Forster resonance energy transfer are not yet
fully understood, and the dominant pathway at the LD/3D
interface is still debated. Although incorporating LD layers
onto 3D perovskites can enhance device stability, this often
comes at the cost of reduced performance due to lattice
mismatch and misaligned energy levels. Addressing these
challenges requires a comprehensive framework that examines
junction potential, charge distribution, and excitonic behaviour
under varying bias conditions. Interface engineering in LD/3D
systems is therefore critical to balancing excitonic and free-
carrier processes. By tailoring factors such as layer orienta-
tion, interfacial quality, and dipole alignment, it is possible to
optimise both energy and charge transport, paving the way for
stable, high-performance perovskite optoelectronics. Bridging
the knowledge gap between charge and energy transfer will
demand not only systematic experimental validation but also
predictive theoretical modelling. Key aspects include excitonic
processes, triplet energy transfer, and interface-induced charge
dynamics. The influence of parameters such as organic cation
size and type, dielectric and quantum confinement, exciton
binding energy, and recombination dynamics must be carefully
evaluated. While 2D perovskites are well reported for their role
in defect passivation and stability, the fundamental under-
standing of their relatively low photoluminescence quantum
efficiency remains underexplored. In particular, perovskites
incorporating conjugated organic cations present exciting
opportunities, with simulations already indicating their poten-
tial—yet experimental studies in optoelectronic devices are still
limited.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Finally, the design requirements differ by application: for
LEDs, stronger exciton confinement is desirable to boost radiative
recombination, whereas for solar cells, efficient charge separation
and extraction are paramount. A deeper understanding of these
contrasting requirements will be key to tailoring LD/3D hetero-
junctions for diverse optoelectronic platforms.
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