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ABSTRACT: In recent years, organic−inorganic metal halide
perovskite solar cells (PSCs) have attracted considerable interest
due to their remarkable and rapidly advancing efficiencies. Over
the past decade, PSC efficiencies have significantly approached
those of state-of-the-art silicon-based photovoltaics, making them a
promising material. Currently, the scientific community widely
recognizes the performance of 3D-PSCs and 2D-PSCs individually.
However, when both are combined to form a heterostructure, the
lattice and charge dynamics at the interface undergo a multitude of
mechanisms that affect their performance. The interface between
heterostructures facilitates the degradation of PSCs. The
degradation pathways can be attributed to lattice distortions,
inhomogeneous energy landscapes, interlayer ion migration,
nonradiative recombination, and charge accumulation. This Review is dedicated to examining the phenomena that arise at the
interface of 3D/2D halide perovskites and their related photophysical properties and loss mechanism processes. We mainly focus on
the impact of lattice mismatch, energy level alignment, anomalous carrier dynamics, and loss mechanisms. We propose a “cause−
impact−identify−rectify” approach to gain a comprehensive understanding of the ultrafast processes occurring within the material.
Finally, we highlight the importance of advanced spectroscopic and imaging techniques in unraveling these intricate mechanisms.
This discussion delves into the future possibilities of fabricating 3D/2D heterostructure-based optoelectronic devices, pushing the
boundaries of performance across diverse fields. It envisions the creation of devices with unparalleled capabilities, exceeding the
limitations of current technologies.

1. INTRODUCTION
The growing gap between the energy supply and demand has
widened, driven by global instability. While the goal of bridging
this gap seems distant, there is hope as countries increasingly
recognize the importance of self-reliance through unconven-
tional energy sources after years of neglecting environmental
degradation warnings. Numerous strategic plans for achieving
significant reductions in carbon emissions recommend promptly
substituting fossil-fuel-based technologies with renewable
energy sources and implementing long-duration energy storage
systems. Solar photovoltaics show promising and sustainable
pathways to withstand the growing trajectory of energy needs.
This imperative extends beyond the immediate time frame, as
sustained efforts over several decades are required to establish a
robust foundation for a sustainable future. As a result, there is a
strong argument for increasing the production of silicon solar
cells and continuing the pursuit of more cost-effective solar
technologies. Organic−inorganic halide perovskites recently
emerged as the most promising and cost-effective material for

photovoltaic applications, with performance nearly comparable
to that of conventional single junction Si-based solar cells. The
considerable interest these materials have attracted stems from
their notable attributes, including a high absorption coefficient
and photoluminescence quantum yield, along with extended
charge carrier lifetime and diffusion length. Additionally, their
tunable bandgap, lower exciton binding energy (Eb), and defect
tolerance further contribute to their appeal among research-
ers.1,2 But despite their higher efficiencies, three-dimensional
(3D) halide perovskites still face challenges related to stability
under external environmental conditions, such as heat, light, and
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moisture, making them a less practical choice for commercial-
ization.3 Therefore, a relatively new class of materials, i.e., 2D
perovskites, has piqued the interest of researchers due to its rich
photophysics. Phase pure 2D (n = 1) or quasi-2D (with n > 1
phases present) perovskite structure is formed by slicing the 3D
counterpart along the crystallographic facets with bulky organic
spacer cations sandwiching inorganic Pb−I sheets, giving rise to
the multiple quantum well structure. The reason for the success
of these reduced dimensionality perovskites lies in their
exceptionally improved stability against moisture.4,5 But due
to the quantum and dielectric confinement,6−8 they exhibit large
exciton binding energies and poor conductivity, resulting in
poor charge carrier separation and out-of-plane charge transport
due to large spacer cations.9 Therefore, it is reiterated that what
contributes to optoelectronic applications is not a particular
advantage but rather a comprehensive performance.

The current narrative confirms that 3D perovskites
demonstrate superior efficiency, while 2D perovskites are
esteemed for their enhanced stability. However, when
considering the practical, real-world application of halide
perovskites, it becomes unreasonable to compromise between
these pivotal performance parameters. Hence, the concept of
3D−2D (2D-on-3D) bilayer or heterostructures or interspersed
type came into being with the significant advantage of stability
along with unaffected efficiency.10 It is proven that the 2D layer
over 3D acts as a preserver or passivating layer by reducing the
impact of performance-degrading pathways.11,12 So far, it seems
unpretentious that since we had issues with constituent layers
alone, their heterostructure is formed to gain a better
performance. However, the formation of the heterostructure
itself raises complications due to the interface between 2D and
3D layers affecting the photophysical properties of the fabricated
devices. The complications at the interface are mainly due to
lattice mismatch, energy level misalignment, trap states,
interlayer ion migration, and loss mechanisms. Over the past
decade, extensive research efforts have focused on gaining a
comprehensive understanding of the complex interface.

The focus of recent efforts has been directed toward
comprehending the mechanisms underlying photoinduced
processes occurring at interfaces, employing a range of
spectroscopic and imaging methodologies.13,14 For instance,
the utilization of nondestructive in situ photovoltage spectros-
copy was implemented in order to investigate the phenomenon
of charge transfer occurring at the nanoscale. The proposed
methodology offers a distinctive means of exploring accelerated
charge separation at the interface through the utilization of light-
varying-frequency-dependent measurements.15 In addition to
bilayer-based characterizations, there has been significant
interest in investigating the device characteristics that arise
from the incorporation of a 3D/2D heterojunction.16,17

Although 2D perovskite-based passivating layers have been
viewed as a positive addition to the system until now, recent
research has presented contrary outcomes. Wang and co-
workers demonstrated that phenethylammonium (PEA+) and
butylammonium (BA+), upon reaction with formamidinium
ions, deprotonate and form complexes that are detrimental to
the device’s thermal photostability. The released ammonia
(NH3) in this process further damages the grain boundaries and
interfaces. Therefore, it is suggested to employ cations with a
high acid dissociation constant (pKa) value.18 Furthermore, it
has been observed that the random arrangement of 2D
perovskites can lead to adverse consequences in terms of energy
transfer and stability, which are closely linked to selection of the

spacer cation. The present literature available on these
heterojunctions still needs to be developed with clarity on the
cause and impact for performance optimization. Investigating
charge carrier dynamics across various time scales, from
picoseconds to microseconds, using time- and temperature-
dependent spectroscopic techniques, along with mathematical
models, has profound implications for enhancing device
performance.

The advancements from Si solar cells to perovskite-based SC
were a breakthrough in the field of photovoltaics. Despite the
exponential enhancement in efficiency, exceeding 25%,
commercialization of perovskite solar cells, unlike Si, is a
limiting factor. The main barrier to large-scale production of
perovskite devices is the stability. The long-term stability is
assessed with degradation tests. The damp-heat test19 is one of
the standard procedures for verifying the commercialization of
perovskite PV modules. For optimal performance resembling a
commercial c-Si solar cell (PCE ∼20%), a stabilized PCE must
pass a damp-heat test for over 1000 h with <5% relative loss. In
this contest, a 2D/3D heterostructure has shown great promise.
Azmi et al. constructed a 2D/3D heterostructure PSC with
24.3% PCE in 2022. They met one of the essential industrial
stability standards for PV modules by retaining >95% of their
initial PCE after >1000 h at damp-heat test conditions.20 This is
deemed to be a promising step toward the commercialization of
3D/2D perovskite devices.

This review provides an in-depth analysis of the influences on
3D−2D perovskite interfaces, concentrating on elucidating the
intricate photophysics of this interface and examining a
multitude of processes from both structural and carrier dynamics
perspectives. In this discussion, we aim to offer insights into the
significance of 3D−2D perovskites in optoelectronic applica-
tions and their broader implications. In light of the increasing
shift toward multidimensional materials, the goal of the Review
is to provide concise photophysics and accelerate the expedition
toward the commercialization of such devices.

2. FORMATION OF 3D−2D PEROVSKITE INTERFACE
As presented in the Introduction, one of the critical aspects of
2D perovskites and, subsequently, 3D−2D heterojunctions is
the selection of spacer cations. On the basis of the spacer cation,
i.e., monoammonium or diammonium, 2D perovskites can be
categorized into three subcategories: Ruddleson Popper (RP),
Dion Jacobson (DJ), and Alternating Cation Interlayer (ACI).
Depending upon the octahedral offset and tilt associated with
each structure, the electronic and structural properties of 2D
perovskites vary. In-depth analysis of spacer cations has been
reported elsewhere in the literature.21,22 In order to tackle these
challenges mentioned above with 3D perovskites, extensive
investigations have been conducted by researchers in the
discipline of utilizing diverse 2D spacer cations possessing
distinct organic molecules. Most widely known of these are the
RP monoammonium cations, which include butylammonium,
propylammonium, phenethylammonium, etc. They are found to
be efficient in improving the crystallinity and formation of highly
oriented thin layers, hence benefiting charge transport and
carrier lifetimes.23,24 On the other hand, DJ perovskites are
relatively recent, having diammonium cations including 1,4-
butane-diammonium, 3-(aminomethyl)piperidinium, 1,7-hep-
tanediammonium, etc. DJ-perovskites differ from RP in
accordance with its stronger interlayer coupling due to shorter
interlayer distances.25 Owing to this, a lower confinement effect
has been observed in DJ as compared to RP-based perovskites.
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Another class of 2D layered materials is the alternating cation,
having two distinct cations in the interlayer space. Guanidinium
cation is the best-known spacer in this category.26 Due to the
replacement of a single spacer with two smaller spacers, these
spacer cations have piqued the interest of the community.
Recently, researchers have employed these in high-efficiency
near-infrared PeLEDs due to their better carrier transport and
rigid crystal structure owing to H-bonding in GA cations.27 To
provide more insights on exciton recombinations and photo-
physical properties of the lesser explored ACI cations for
improved performance for distinct applications, femtosecond-
transient absorption (fs-TA) studies were undertaken by Ghosh
et al.28 With insights on the role of spacers in 2D perovskites, we
will explore the synthesis and mechanisms giving rise to 3D/2D
perovskites.

Considering the numerous advantages offered by 3D−2D
heterostructures, it is crucial to prioritize the comprehension of

the formation process to guarantee the accurate structural
stability of the interface. In a typical solution-based process, a 3D
perovskite layer is deposited onto the required substrate,
followed by annealing for a particular time.

Following this, a solution containing ammonium-based spacer
cations (i.e., ligands) mixed in an appropriate solvent forms
reduced dimensionality perovskites (RDP) with varying thick-
ness values, i.e., n value. The estimation of the number of
octahedra present in inorganic perovskite structures, which are
situated between organic spacer cations, is contingent upon the
specific value of n. Proppe et al. provided the in situ insights via
grazing-incidence wide-angle X-ray scattering (GIWAXS) into
intermediate states formed before the formation of final RDPs
by bisecting the 3D perovskite.29 In this study, they used
MAPbI3 as a 3D perovskite and added a 4-vinylbenzylammo-
nium bromide spacer cation solution dissolved in IPA for the
subsequent formation of a 3D/2D interface. They put forward

Figure 1. (a−d) Hypothesized transformation of a 3D perovskite surface into RDPs. Reprinted with permission from ref 29. Copyright 2021 Springer
Nature. (e) Formation of 2D platelets over a 3D film (red). Reprinted with permission from ref 30 Copyright 2022 Springer Nature. (f) Schematic of
proposed intercalation mechanism. Reproduced with permission from ref 31. Copyright 2023 Springer Nature. (g) Top-view and cross-sectional
sketches of the manufacturing of a (BA)2PbI4 film on a 3D perovskite substrate via the SIG method. Reproduced with permission from ref 32.
Copyright 2021 Springer Nature. (h) Schematic illustration of the Pb−I octahedron collapsing and reconstruction model. Reprinted with permission
from ref 33. Copyright 2020 American Chemical Society.
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the mechanism depicted in Figure 1(a,b,c,d), which entails (a)
infiltration by spacer cation takes place into a 3D lattice, hence
(b) bisecting the 3D perovskite into the lower dimensional
structure, and finally (c) bisecting it continuously until (d)
reaching n = 1 RDP. The DFT calculations well backed up the
mechanism given. The authors discussed the formation of the
interface using a particular spacer cation where the infiltration
and sequential bisection could be dependent upon its stacking,
concentration of ligand solution, or maybe affinity toward the
3D counterpart. Hence, this mechanism may vary accordingly.
Similarly, instead of the formation of a layered structure where
we may get a gradient distribution of n-valued 2D RPPs, in a
more practical situation, we get interspersed 2D domains inside
the 3D matrix (see Figure 1(e)).34

One of the critical aspects of the fabrication of the 3D/2D
heterojunction has been the purity of the 2D layer. With recent
advancements in the synthesis procedures, it is now possible to
synthesize phase pure 2D perovskite crystals.31 The work
discusses how control over temperature and time facilitates
crystal growth by employing the kinetically controlled space
confinement (KCSC) method. They proposed an intercalation
process where the edges of 2D crystals provide a pathway for
ions to penetrate the weakly bonded lattice. Figure 1(f) shows
the mechanism for the formation of the n = 4 crystal. Initially,
three inorganic layers were stacked and separated by BA spacer
cations. Eventually, with time, the MA+, Pb2+, and I− ions
diffused through the edges and attached to the [PbnI3n+1]
structure. This solution-processed synthesis necessitates the
selection of solvent used to dissolve the 2D and 3D precursors
before coating. Sidhik et al. conducted an extensive study of
deterministic fabrication of 3D/2D bilayer stacks by evaluating
the Gutmann donor number (DN) and dielectric constant (εr).35

They distributed the solvent into three categories: nonpolar,
polar protic, and polar aprotic. It was demonstrated that solvents
like N-methylpyrrolidone (NMP), dimethylformamide (DMF),
and dimethyl sulfoxide (DMSO) dissolve both 3D and 2D,
whereas acetonitrile (MeCN), tetramethylsilane (TMS), and
propylene carbonate (PC) dissolve 2D but not 3D. These
conclusions provide segregation between the different solvents
concerning the solubility of 2D and 3D perovskite powders and
the subsequent formation of clearly distinct interfaces.

Apart from solution processing, various other 3D/2D
processing methods have been proposed. Although solution-
processed 3D/2D bilayers are widely used, they still lack
adequate thermal stability and the formation of an built-in
electric field at the interface. To overcome these issues, Jang et
al. fabricated the 3D/2D bilayers using solid-phase in-plane
growth (SIG).32 This process incorporates the optimization of
pressure and heat for stacking solid 2D layers over a 3D film.
Figure 1(g) shows the stepwise preparation with the SIG
process. This method, along with control over the thickness of
the passivating layer, also showed a superior PCE of 24.35%
(certified). Vapor deposition techniques have also been used to
avoid the interdiffusion of ions and organic cations at grain
boundaries.36 Moreover, it is a green solvent-free and large
production method. This technique generally works on the
principle of evaporating organoamine in gaseous or liquid form
via heating and depositing it on 3D perovskite films. Liu et al.
proposed a Pb−I octahedron collapsing and reconstruction
model to explain the 3D to 2D transformation.33 Figure 1(h)
shows the insertion of BA+ ions, which results in the annihilation
of the lattice and subsequent replacement of MA+. The
mechanism further explains the formation of X (halogen) rich

(consisting of [PbX6]2− octahedra and BA+ cations) and X
deficient (consisting of halogen vacancies) Pb−X slabs, resulting
in multiple products during the in situ GIXRD studies.

The ongoing pursuit of enhancing the efficiency of
heterojunctions necessitates the utilization of diverse synthesis
techniques. This section discussed a few of these methods,
shedding light on their potential contributions. To ensure the
formation of the desired bilayer stack with a uniform distribution
of ions, it is crucial to conduct a thorough initial characterization.
To facilitate this essential step, synchrotron-based GIWAXS has
been widely employed to probe the structural characteristics of
perovskite thin films.37 Mushtaq et al. used this technique to
understand the depth-dependent crystal structure of
(PEA)2Cs4Pb5Br16.

38 They performed surface- and depth-
sensitive measurements to acquire diffraction patterns at 3.7
and 234.9 nm, respectively. They found that there are few PEA
layers at the surface, whereas the orientation becomes random
inside the bulk. Also, they suggested that the 2D perovskite is
preferably oriented parallel to the substrate. Alongside
orientation detection, another critical aspect of GIWAXS lies
in revealing the byproducts (impurity, unreacted material, etc.)
formed, which sometimes cannot be detected by simple XRD
characterization.39,40 With such advancements in in-situ and
depth-controlled measurement, these could be highly beneficial
to understanding the dynamics and chemical processes
occurring at the 3D/2D interfaces.

3. LATTICE MISMATCH
In the following discussion, we will delve into the implications
and effects of lattice mismatch at the interface of 3D/2D halide
perovskite heterostructures, uncovering the interplay between
material synergy and device functionality.

The term “lattice mismatch” refers to the disparity between
the crystal lattice structures of two semiconductor materials that
are used in a heterostructure. A crystal lattice is a repeating 3D
arrangement of atoms in a solid material. When two semi-
conductor materials with different lattice structures are used to
create a heterostructure, it is possible that their lattice
parameters may not perfectly match. The measurement of
lattice mismatch is conducted by quantifying the percentage
disparity between the lattice constants of the two materials. The
degree of misfit (f) due to the lattice mismatch is given by41 eq 1

f (a a )/a1 2 2= (1)

where the a1 and a2 are the lattice constants of the corresponding
crystal planes of the substrate and epitaxial layer, respectively.
Depending on the level of degree of misfit (f), three types of
interfaces are commonly formed, i.e., coherent, semicoherent,
and incoherent interfaces, which determine the interface

Box 1

• The connection between strain and the electronic band
structure elucidates the unique photophysical character-
istics of perovskite adlayers.

• Exciton dynamics can be modulated via intentional
lattice mismatch via variation in the length and bulkiness
of the spacer cations.
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properties. A coherent interface occurs when two crystals
perfectly align at the interface plane, ensuring a continuous
lattice structure across the interface, as illustrated in Figure 2(a).
Achieving this perfect alignment requires the interfacial plane to
have the same atomic arrangement (including orientation and
spacing) in both phases regardless of the chemical composition.
The strains associated with a coherent interface result in an
increased total energy within the system. When the atomic
mismatch between the two crystals is significant, or when the
interfacial area is large, it becomes more energetically favorable
to replace the coherent interface with a semicoherent interface.
In a semicoherent interface, the misfit between the two crystals is
accommodated periodically by misfit dislocations, as shown in
Figure 2(b). However, when the atomic configuration of the
interface plane is vastly different in the two adjoining phases, it is
impossible to achieve a good match across the interface. This
dissimilarity can result in a notable variance in the atomic
arrangement of the two phases or a deviation in interatomic
distances exceeding 25%. In either scenario, the interface is
categorized as incoherent, as shown in Figure 2(c). Incoherent
interfaces result in defects or electronic states at the interface due
to the presence of dangling bonds.41

Strain (ε) is a measure of the localized deformation
experienced by a material due to factors like applied stress (σ)
and nonuniform temperature gradients. Experimentally deter-
mined strains typically manifest as either tensile strain
(stretching) or compressive strains (compression). Addition-
ally, there is a noteworthy concept known as “microstrain”,
which primarily accounts for the presence of localized regions
experiencing both compressive and tensile strain. It arises due to
differences in lattice mismatch and coefficient of thermal
expansion (CTE) between the substrate and the layer.42

These microstrains in the material affect the structure at the

interface and, consequently, have different impacts on the
efficiency and stability of semiconductor devices. The strain
between the two materials can stabilize/destabilize (phase
transitions, ion migration, degradation, etc.) the structure
depending on the type of strain developed, which may be
beneficial/detrimental to improve/worsen the efficiency of the
optoelectronic devices. The influence of strain-induced lattice
expansion or contraction can significantly impact the strength of
chemical bonds within the lattice and subsequently result in
modifications to the electronic band structure, as depicted in
Figure 2(d). This can lead to a modification in the band
alignment of the heterostructures, resulting in either a type-I or
type-II configuration, depending on the intended applications.

In semicoherent and incoherent systems, interfacial strain
energy will increase proportionally with the lattice mismatch. To
mitigate this increase in interfacial energy, misfit dislocations are
intentionally created at the interface. These misfit dislocations,
also known as threaded dislocations (TD), accommodate the
excess strain generated during growth, thereby balancing the
system’s energy. In case of significant mismatch, these misfit
dislocations may extend into the bulk material. The density of
misfit dislocations plays a pivotal role in determining the
interface’s quality. Threaded dislocations are one-dimensional
defects that form at the interface between two materials and
significantly influence the photophysical properties. They act as
prominent sites for carrier and light scattering or absorption,
ultimately leading to a substantial reduction in the carrier
mobility. Additionally, they create nonradiative centers in
optoelectronic devices, greatly diminishing photoluminescence
(PL) efficiency and device lifetime. Lattice mismatch can also
affect the charge carrier dynamics of heterostructures due to
changes in the electronic band structure. For example, hole−
electron mobilities can be modulated by the nature of the strains

Figure 2.Various forms of interfaces: (a) coherent interface, (b) semicoherent interface, and (c) incoherent interface. Reprinted with permission from
ref 41. Copyright 2023 American Chemical Society. (d) Band offset of perovskites under in-plane strain. Reprinted with permission from ref 45.
Copyright 2021 Royal Society of Chemistry. (e) Nature of interfaces between two materials based on their interaction. Reprinted with permission from
ref 41. Copyright 2023 American Chemical Society. (f) Lattice mismatch between various monolayered A2′PbI4 perovskites and MAPbI3. Reprinted
with permission from ref 44. Copyright 2018 American Chemical Society.
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present at the interface. Compressive strain initially enhances
hole mobility through the reduction in hole effective mass (mh*)
until dislocations create significant issues under excessive
strain.43 New surface states can also be introduced due to
changes in elastic stored energy created by lattice mismatching.
These surface states are often beneficial for the dissociation of
excitons.44 In heterostructures, the nature of the interface
between two materials can also vary based on their interaction.
They may form a chemical epitaxy, characterized by a strong
chemical bond between the substrate and the epilayer, or van der
Waals (vdW) epitaxy, where weak intermolecular forces
facilitate the growth of the epilayer film on the substrate (Figure
2(e)). In the context of 3D/2D halide perovskites, the van der
Waals interaction is influenced by the tilting of the surface
octahedra connected to the organic spacer cation. The unique
flexibility of the organic spacer cation allows these materials to
accommodate substantial strains, irrespective of the typical
constraints related to crystal orientation and lattice constants
between nonlayered solid materials.

Conversely, in an investigation conducted by Cahen et al., it
was observed that the migration of large cations from 2D halide
perovskites to 3D perovskites could occur, as evidenced by high-
resolution transmission electron microscopy (HRTEM) anal-
ysis.46 The deleterious impact of ion migration on the
operational efficiency of optoelectronic devices has been well-
documented in the literature. Understanding the relaxation of
stored elastic energy at the surface of layered halide perovskite
(LHP) materials is crucial in practical terms, providing a
valuable platform for systematically evaluating and screening
LHP compounds with specific functionalities for innovative
devices. Building on this, Mohite et al. observed that the internal
elastic stored energy in 2D/3D halide heterostructures is
intricately linked to the degree of lattice mismatch. By
employing a composite model and elastic theory, they revealed
that a slight mismatch leads to minimal elastic energy storage.
The manipulation of organic cation A exemplifies this
significance in RPPs, as depicted in Figure 2f.44 For instance,
replacing BA with C9H19NH3 (n-octyl ammonium) in RPPs
significantly reduces elastic energy density,47 preventing surface
relaxation and preserving bulk Wannier excitons. Conversely,
RPPs with (4Cl-C6H4NH3)2PbI4 (4Cl-PhA) induce more
considerable strain,48 promoting significant surface relaxation
suitable for electron−hole carrier separation. This comprehen-
sive understanding offers valuable insights for the development
of novel materials and devices, underscoring the intricate
relationship among elastic energy dynamics, lattice mismatch,
and the functionality of 2D/3D halide compounds.

Hence, it is evident that the lattice mismatch, serving as the
foundational aspect in these devices, exerts an influence on all of
the ensuing characteristics of the heterostructure. In the
following section, we will delve into these aspects individually.

4. ENERGY LEVEL ALIGNMENT
In the previous section, we discussed the impact of lattice
mismatch, which impacts the 3D−2D interface’s stability and
integrity. With a perspective on the structural aspect, we will
now move onto the energetic landscape across the interface, i.e.,
energy alignment, which dictates the carrier dynamics. The
energy level bands formed in 3D and 2D perovskite layers
depend upon the hybridization of antibonding and bonding
states of metal (Pb or Sn) and halogen (I or Br or Cl), hence
forming conduction and valence bands. Umebayashi and Akai
explored the electronic structure of 3D-MAPbI3 and 2D-

(BA)2PbI4 by employing DFT calculations. They showed that
due to more structural distortion, the bands are more localized in
2D compared to 3D, resulting from bandwidth narrowing.50 The
work exemplified the effect of dimensionality on the electronic
structure, which further dictates the band alignment at the 3D/
2D interface. To design a high-performing optoelectronic
device, it is necessary to make a near-perfect interface, allowing
easy charge transfer across the layers. This will lead to high
charge collection at the contacts, which in turn increases current
density (JSC) and open circuit voltage (VOC). Nevertheless,
charge transfer is not that straightforward in the case of 2D
perovskites, and due to high Eb, the charge separation capability
is reduced.51 Therefore, mixed dimensional perovskites with
higher n-value 2D perovskites are preferred for better charge
separation due to their lower Eb. Also, the built-in electric field
formed by the so-called 3D−2D p−n junction plays a significant
role in hole extraction and quasi-Fermi level misalignment at the
2D and 3D sides.52 Hence, proper band alignment for
unhindered charge separation is of utmost importance. The
main mechanisms at the 3D−2D heterojunction interfaces are
energy cascading between distinct phases and charge separation
depending upon the type of band alignment. With the above-
made consensus of dimensionality, varying band structures are
formed upon considering a perfect case of a layer of 2D and 3D
perovskite heterojunctions; the charge and energy transfer may
take place via type-I or type-II band alignment. There has been
no explicit agreement on the formation of either, but it may vary
with the synthesis process,53 organic molecule concentration,54

or charge neutrality levels,55 etc. Even Zhang et al. proposed that
2D perovskites are prone to energy level misalignments due to
strong electron−phonon coupling resulting from thermal
fluctuations.56 A lot of effort has been put forward to accurately
determine the type of band alignment experimentally,17,57 via
mathematical modeling53 and DFT simulations.58

Band alignments in heterojunctions are classified into type I,
type II, and type III, namely, straddling, staggered, and broken,
respectively. For the sake of this review, type I and II are
discussed in detail. Briefly, in the context of type-I band
alignment, it is observed that the exciton, i.e., the electron−hole
pair bound by Coulombic forces, undergoes a process known as
energy funneling. This phenomenon entails the migration of the
exciton from a region characterized by a larger bandgap (smaller
n) to a region with a smaller bandgap (larger n). As a
consequence of this exciton migration, energy is transferred
across the heterojunction. In the context of type-II band
alignment, it is observed that the transfer of electrons and holes
occurs in opposite directions, resulting in the establishment of
charge separation across the heterojunction. Specifically, for 2D
perovskites, there has still been a debate on accurately predicting
the type of band alignment that they show. For instance, in some
published literature, butylammonium and phenethylammo-
nium-based 2D perovskites are shown to form type-I align-

Box 2

• Enhancing band alignment in heterojunctions may boost
stability and reduce degradation processes caused by
charge buildup at interfaces.10,49

• The engineering of band alignments at the interface
between 3D and 2D materials allows for improved
control over carrier energy levels and transport character-
istics within the device.
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ment,59,60 whereas contrary results were demonstrated by
others.61,62

As shown in Figure 3(b), type-II band alignment favors the
charge separation at the interface where the CBM and VBM
levels of 3D are staggered with respect to 2D band edges. This
configuration is efficient for electron (hole) transfer across the
interface in p-i-n (n-i-p) structures.63,64 On the contrary, type-I
band (Figure 3(a)) alignment corresponds to the scheme where
the CBM and VBM of 3D perovskite lie inside the bandgap of
2D perovskite. This arrangement does not facilitate the charge
transfer as both the electrons and holes require some energy to
get transferred from one system to another. So, while it may not
offer significant advantages for solar cell and photodetector
applications, it has been demonstrated to be advantageous in
alternative ways: (i) when the heterojunction is formed in a way
such that 2D phases are vertically grown at 3D grain boundaries
(GBs), carriers are reflected instead of getting trapped at the
GBs, as shown in Figure 3(c),65 hence reducing recombinations;
(ii) the faster energy transfer in quasi-2D perovskites is valuable
for efficient light-emitting diodes (LEDs) and laser applications
due to energy funneling.66

The above-mentioned energy funneling and charge transfer
are extremely fast processes occurring at the femto- to

microsecond time scale inside the material. Upon excitation,
2D and 3D perovskites generate free charge carriers or bound
excitons at the picosecond (ps) to femtosecond time scale. If the
above bandgap excitation takes place, carriers occupy states
above the band edge states and are deemed to be hot carriers.67

The carrier cools via thermalization, and this takes place at
hundreds of picoseconds. The carriers further move toward
respective electrodes to get extracted or funnels across bandgaps
to recombine radiatively. However, during these processes, they
may get captured by defect states and recombine non-
radiatively.68 To capture and study these phenomena efficiently,
ultrafast femtosecond transient absorption (fs-TA) spectrosco-
py is employed. Many studies employing 3D perovskites detect
varying mechanisms such as polaron formation,69 carrier
cooling,70 hot phonon bottleneck,71 etc. These studies
subsequently give in-depth insights into the structural dynamics.
With great success in determining complex charge carrier
dynamics in 3D and 2D perovskites, fs-TA has been providing
crucial information in 3D−2D systems. Fei et al. demonstrated
that PAI-doped Cs0.05FA0.80MA0.15Pb(I0.85Br0.15)3 showed re-
duced recombinations by using TA at the bulk and surface.72 In
another study, doping 5-ammonium valeric acid iodide (AVAI)
cation in α-FAPbI3 explained the carrier lifetimes by decay rates

Figure 3. Energy level representation of (a) type-I and (b) type-II band alignment, and (c) electronic band offsets of the 2D−3D heterojunction
indicating carrier blocking at the vertically grown 2D and 3D interface. Reproduced with permission from ref 65 Copyright 2017 Springer Nature. (d)
PLE spectra for 2D/3D heterojunction at different excitation intensities and corresponding energy level diagram for energy transfer mechanism.
Reprinted with permission from ref 16. Copyright 2023 Wiley-VCH. (e) DFT calculated HOMO, LUMO, and proposed energy levels of organic and
(BPhMA)2PbI4 (left) and (BThMA)2PbI4 (right). Reprinted with permission from ref 58. Copyright 2023 Wiley-VCH. (f) PDOS plots of
(BPhMA)2PbI4 and (BThMA)2PbI4. Reprinted with permission from ref 58. Copyright 2023 Wiley-VCH. (g) Schematic illustration of improved hole
extraction after FAI incorporation. Reprinted with permission from ref 77. Copyright 2018 Elsevier.
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of ground state bleach and stimulated emissions from TA
spectra.73 Energy and charge transfer are detected upon
correlating femtosecond-TA spectroscopy with varying carrier
injection levels and time-correlated single photon counting
(TCSPC) or time-resolved photoluminescence (TRPL).

The synthesis of phase pure 2D perovskites is not easy to
accomplish. In the majority of situations, what is synthesized is a
quasi-2D perovskite system characterized by mixed values of n.
In the work of Yang et al., they prepared a 2D gradient with low
n-values at the bottom and high n (3D-like) values at the top
using ammonium chloride to segregate the phases. As with the
increasing n-value, CBM decreases, whereas VBM remains the
same; this built-in band alignment resulted in fluent charge
transport.74 Along with charge transfer, energy funneling is
another prominent effect at the 3D/2D interfaces when type-I
band alignment is formed.66 This fret energy transfer
phenomenon was reinforced at the (PEA)2PbI4/MAPbI3
interface employing photoluminescence (PL) studies. PL
excitation (PLE) measurements carried out at different energies
shown in Figure 3(d) revealed that both the 3D/2D
heterostructure and 3D MAPbI3 films show an enhancement
in PL intensity. An abrupt PL enhancement is observed above
2.36 eV for the 3D/2D perovskite film. Briefly, upon exciting the
MAPbI3 with 1.90 eV, no change in PL intensity was observed as
it did not excite (PEA)2PbI4, but exciting it at 3.06 eV showed
PL enhancement at 2.36 eV, as shown in Figure 3(d), with the
addition of the 2D-(PEA)2PbI4. This is attributed to type-I band
alignment and energy transfer from the low n system to the high
n system (MAPbI3) at the interface.16 This energy funneling and
charge transport from 2D to 3D systems occurs due to lower
exciton binding energies associated with high n systems along
with the lowering of trap-assisted nonradiative recombina-
tions.75,76 The next section will dwell upon the concept
mentioned above, providing a distinct perspective point that
will center around mobility and diffusion.

Until now, organic spacer cations have been thought to affect
device performance due to their adverse insulating nature,
which, subsequently, hampers carrier transport. More recently,
the concept of quantum confinement breaking in 2D perovskites
achieved an impressive PCE of 18.05%.58 The authors
demonstrated the positive effect of orbital coupling between
[PbI6]4− and organic spacer cations. The bithiophenemethy-
lammonium (BThMA) spacer where coupling was observed,
unlike the biphenylmethylammonium (BPhMA) spacer, was
used to prove the hypothesis. The formation of a simple but
effective arrangement (type II) was due to the narrower bandgap
and upshifted highest occupied molecular orbital due to the
smaller dihedral angle between aromatic rings in the BThMA
spacer as compared to the BPhMA spacer. A larger dihedral
angle in BPhMA reduces the conjugation between rings, forming
wider bandgaps and turning them into type-I alignment. Hence,
orbital hybridization in BThMA organic spacer cations and
inorganic [MX6]4− gives rise to preferential type-II band
alignment (Figure 3(e)). The concept of orbital coupling was
strengthened by determining the partial density of states in both
systems. As shown in the PDOS plot (Figure 3(f)) for
(BPhMA)2PbI4, their band structure is formed by I 5p and Pb
6s orbitals, whereas, in (BThMA)2PbI4, the new hybridized I 5p
state is seen in the PDOS plot, giving evidence for coupling in
[PbI6]4− and spacers. This molecular optimization had multifold
advantages consisting of improved film quality with a better
crystal orientation, enhanced dielectric constant, decreased
binding energy, and a longer carrier lifetime.

An additional facet of band alignment pertains to the
alteration of the conductivity in a 2D layer. The incorporation
of conductive channels via p-type doping improved hole
e x t r a c t i o n . Z h a n g e t a l . p r e p a r e d M A P b I 3 /
(BA)2(MA)n−1PbnI3n+1 to show superior hole extraction proper-
ties with and without an organic hole transporting layer, i.e.,
Spiro-OMeTAD. They successfully showed improved retain-
ment of initial PCE without Spiro-OMeTAD. They further
explored the variation in electrical properties of the 2D
perovskite layer. They found out that the addition of
formamidinium iodide (FAI) in incremental concentrations,
i.e., from 5 to 40 mg/mL, increased the Fermi level positions
exponentially except for 40 mg/mL, suggesting a change in the
electronic properties of the 2D layer via FAI doping. Figure 3(g)
shows the energy band structure with and without the addition
of FAI. The occurrence was detected by observing a higher
photoluminescence (PL) intensity and smaller crystal sizes
without FAI. With FAI addition, the crystal size of the 2D layer
increased by 2.5 times and much lower PL intensity, pointing
toward a lowering in radiative recombinations. Along with the
factors mentioned above, they also observed a heterogeneous
increase in grain conductivity as confirmed by conductive
atomic force microscopy (c-AFM), specifically in regions with
high FAI concentration.77

The control of phenomena occurring at the interface of
nanoscale systems poses considerable challenges owing to the
intricate nature of the processes involved. Despite the
susceptibility of semiconductor materials to defects that may
have negative consequences, energy level alignment of interfaces
may offer several benefits if appropriate engineering techniques
are applied.

5. CHARGE CARRIER DYNAMICS AT 3D/2D
INTERFACE

Different strategies have been employed in various reports to
fabricate 3D−2D perovskite solar cells (PSCs) to enhance their
efficiency and stability. One of the most widely recognized and
straightforward methodologies involves the utilization of spin
coating to apply a spacer cation solution onto the 3D perovskite
film, followed by a subsequent annealing process. In the context
of this specific procedure, it is plausible that the spacer cation
may undergo diffusion to more profound levels within the 3D
perovskite film, resulting in a spatial distribution of 2D
perovskites with varying numbers of layers, as previously
indicated. The presence of multiple heterojunctions between
the 3D and 2D perovskite phases introduces a heightened level
of complexity into the charge carrier transport mechanism. The
characterization of charge carrier dynamics in 2D and 3D

Box 3

• The transfer of holes and electrons across the interface is
influenced by the carrier mobility in both in-plane and
out-of-plane directions.

• Models I and II explain carrier transport with varying
band alignments, while Model III evaluates dynamics
under illumination.
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perovskite solar cells (PSCs) is based on different types of band
alignments and phase distributions. By employing photophysical
models, we can effectively describe the behavior of the charge
carriers in these PSCs. The charge transfers between the 2D and
3D phases are influenced primarily by the charge carrier
dynamics in 2D perovskites. The subsection below focuses on
the models presented in the literature describing carrier transfer
dynamics at the interface.
5.1. Model I: Charge Separation. The elucidation of the

structural characteristics and electronic properties of perovskite
heterostructures, specifically those composed of 2D and 3D
perovskites with a type-II alignment, will be expounded upon by
the framework termed Model I (Figure 4(a)). The formation of
favorable gradient energy alignment for charge separation is
achieved by the gradual phase variation (from low n (2D) to
high n (3D)) along the axial direction. The type-II band
alignment provides the perfect energy scenario for moving
electrons and holes in opposite directions, facilitating effective
charge separation at the interface and thus being collected at the
respective electrodes. The carrier mobility of 2D perovskites was

demonstrated as one of the critical parameters in charge carrier
transport.78 The carrier mobility for layered organic−inorganic
2D perovskites is highly direction dependent; i.e., the in-plane
carrier mobility is several orders of magnitude higher than the
out-of-plane carrier transport. The charge carrier transfer in low
n Ruddleson Popper (RP) 2D perovskite is restricted to one
dimension (1D), consequently altering out-of-plane carrier
mobility.78 Such a constraint can be overcome by vertically
oriented growth of RP 2D perovskite. However, in the case of
Dion Jacobson (DJ), 2D perovskite out-of-plane charge transfer
is possible with a short-chain spacer cation.79 In DJ perovskites,
the immobile divalent interlayer spacer cations push the
inorganic slabs close to each other. Due to this, the interlayer
halide−halide distance is shortened to ∼4.0 Å, which induces a
strong coupling between the metal halide octahedra (Figure
4(b)).80 Due to strong intralayer coupling and the short
interlayer distance between the two inorganic layers, the
electron cloud over the metal halide octahedral layers can
overlap across the organic spacer cations, thus reducing the
quantum confinement that is predominant in RP perovskites.

Figure 4. (a) Model I of mixed-dimensional 3D/2D HP films. Schematic diagram of the gradual dimensionality transition along the axial direction, the
type-II band alignment of low-n/high-n heterojunctions, and the internal carrier separation along the axial direction. Reproduced with permission from
ref 85. Copyright 2023 American Chemical Society. (b) Spinor density for (BA)2PbI4 and (MAMP)PbI4 perovskites illustrating interlayer I−I
interactions. Reprinted with permission from ref 80. Copyright 2020 Springer Nature. (c) Model II of mixed-dimensional 3D/2D HP films. Schematic
diagram of the interspersing-type phase distribution, the type-I band alignment of low-n/high-n heterojunctions, and the corresponding charge
transport. Reproduced with permission from ref 85. Copyright 2023 American Chemical Society. (d) Absorption and PL characteristics of 2D/3D
hybrid perovskites with different Cs+ doses. Linear absorption (lines) and steady-state PL spectra (areas) (left). Schematic of cascade carrier transfer
from small- to large-n phases (right). Reprinted with permission from ref 84. Copyright 2018 Wiley-VCH. (e) Model III of mixed-dimensional 3D/2D
HP films. Schematic diagram of the interspersing-type phase distribution, energy band structure of HP junctions, and illustration of the distinct charge
transports in darkness and under illumination. White arrows represent charge transport. Reproduced with permission from ref 85. Copyright 2023
American Chemical Society. (f) (i) TA spectra at typical delay times. The PB bands are marked by peak positions (nm). (ii) TA traces of the PB bands
(amplitude) as a function of the decay time. Reprinted with permission from ref 83. Copyright 2022 Wiley-VCH.
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Model I assumes the ideal conditions of PSC fabrication, and
thus, there arises a need to explore a more general and practical
case further.
5.2. Model II: Energy Funneling. The layered axial

distribution of varying n-valued 2D perovskite phases upon
3D perovskite is not ideal, as considered in Model I. Instead, it is
randomly distributed (or interspersed in 3D domains), making
the carrier dynamics complex, as depicted in Model II (Figure
4(c)). One of the ways to understand the charge carrier
dynamics is based on the type-I band alignment between 2D and
3D perovskite. The photoexcited charge carriers are believed to
be transferred from low n 2D to 3D. If the energy transfers from
n = 1 to n = 2 and further on to 3D, it will provide one of the ways
to harvest high-energy photons for photovoltaic applications. In
the case of LED and LASERs, this type of mechanism is used to
produce a narrow distribution of emitted light via an energy
cascade, also called energy funneling.66 Several research groups
have provided evidence showcasing the facilitation of exciton
transfer from 2D to 3D through the offset of the CBM and VBM
in perovskite heterostructures. In the majority of cases, it has
been observed that there is a negligible variation in the VBM, but
the CBM undergoes a decrease upon going from low n (2D) to
high n (3D) perovskite (see Figure 4(d)).75 As a result of this
arrangement, the transfer of holes is impeded and the electron
exhibits a greater mobility compared to the hole. Hence, exciton
dissociation followed by the transfer of electrons leaves excess
holes in the valence band, so this hole tries to form an exciton
with excess electrons in the conduction band. Further, energy
funneling can be understood by Förster resonance energy
transfer (FRET) and Dexter-type charge transfer (CT) via
carrier diffusion.79,81,82 The FRET is based on resonant energy
transfer from low n 2D to high n via dipole−dipole coupling.
However, the CT process occurs due to the charge carrier drift
and diffusion induced by the electric field at the heterojunctions
of 3D−2D perovskites. Yuan et al. demonstrated that the whole
energy funneling followed by the FRET mechanism can be
completed after 100 ps.75 On the contrary, Gan et al. suggested
that the energy funneling that occurred via the CT mechanism
takes time longer than 2 ns.83 In his research, the use of TA
spectroscopy measurements uncovers that FRET plays a crucial
role in ultrafast energy funneling. The TAS spectra for n = 3
quasi-RPP perovskite show the prominent PB at 616 nm. The
existence of multiple PB bands indicates that the n = 3 quasi-
RPP perovskite contains grains with different n values [Figure
4(f(i))]. As this material has different phases, it is evident that
they may form a heterostructure, and depending on the band
alignment, there may be energy funneling or charge transfer. To
verify this, the authors recorded the excited state population
decay profile at various wavelengths corresponding to each PB
band. The population decay profile shows that the PB band at
616 nm reaches a maximum within 0.2 ps, whereas other PB
bands require a longer time of 1 ps [Figure 4(f(ii))]. It is noted
that the difference in time scales was observed due to the
ultrafast energy funneling from n = 3 to higher n domains. The
coexistence of the charge carrier and energy transfer verified by
Wei et al.84 reveals that the Coulomb coupling between different
perovskite phases enables the ultrafast interfacial charge and
energy transfer in 3D−2D perovskites, as demonstrated in
Figure 4(d). It can be observed that the PL spectrum is
dominated by the 3D perovskite. The PL excitation spectra show
peaks corresponding to n = 2, 3, 4 when the PL detection energy
is in resonance with 3D perovskite. Similarly, the rise
corresponding to n = 2 is found when PL detection energy is

in resonance with n = 3. Hence, we can affirm the occurrence of
energy transfer from lower n to higher n. The TAS
demonstration of ultrafast carrier transfer lends support to the
simultaneous presence of both energy funneling and charge
transfer.
5.3. Model III: P−N Junction. More recently, Model III

explains the charge transfer across the interface by introducing
the concept of the PN junction (Figure 4(e)). According to this
model, the 3D/2D perovskite heterojunctions are viewed as PN
junctions with built-in potential, and they show anomalous
behavior upon light irradiation. The model also considers the
interspersing phase distribution pattern. Still, it views the 3D/
2D interface as the main culprit for diminishing charge transport
instead of the 2D layer, as predicted by Models I and II.85 This
was proven by the fabrication of the ITO/perovskite film/ITO
structure, where, under dark conditions, free charge transport
between 3D grains and 2D flakes was observed. However, under
illumination at low bias, a negative photoconductivity was
observed. The model explains that 2D perovskite alone cannot
be responsible for hampered charge transport, as none of its
drawbacks can potentially reverse the photoconductivity.
Therefore, it was concluded that the behavior of the 2D/3D
heterojunction in transition from dark to light originates from a
built-in potential barrier for charge transport. This was further
attributed to the misalignment of the Fermi levels at the 2D and
3D sides.

Hence, Model III suggests that the problem with charge
transport and PCE is primarily associated with the 3D/2D
interface rather than the individual 2D layer, which is in contrast
to Models I and II. The earlier perspectives posited that charge
transport issues in 2D perovskite materials could be achieved
through enhancements in specific attributes. These attributes
encompass the phase orientation, carrier mobility, and phase
content. The researchers prioritized the enhancement of the
characteristics of the 2D layer rather than directed their
attention toward addressing the underlying issue in the 3D/
2D interface. Addressing the challenges encountered regarding
charge transport at the interface plays a pivotal role in enhancing
the overall efficiency and functionality.

6. LOSS MECHANISMS
The successful development of an interface between hetero-
structures necessitates a meticulous approach that takes into
consideration the potential loss mechanisms that may arise
during the fabrication process or in the operational state. The
present section aims to delve into the intricate physics
underlying 2D and 3D perovskites, with a particular emphasis

Box 4

• The interface loss mechanism primarily affects the
device’s operational efficiency, and it largely depends
on the interface recombination process, which includes
charge carrier trapping and detrapping.

• The investigation of degradation pathways and under-
lying mechanisms, including defect formation, ion
migration, and phase transitions, holds significant
potential for advancing the stability of perovskite devices.
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on interpreting the mechanisms responsible for the observed
drop in performance. The losses can take various forms, such as
energy loss, voltage loss, and interfacial recombination losses.
Furthermore, the flexible ionic lattice structure in perovskites
and, more recently, the dynamic behavior of the spacer cations
have further exacerbated the situation. The discussion
previously cemented that the dynamics at the interface are
dominated by two processes: (i) charge transfer and (ii) energy
transfer, and both of these occur at different time scales. The
latter, being the faster process, helps the photogenerated carriers
to descend to the low bandgap material present in the system,
owing to the energy loss (due to hot carrier relaxation).86 This
energy loss primarily takes place when the inhomogeneous
energy distribution exists in the quasi-2D perovskite systems
(see Figure 5(a)). Therefore, efforts have moved toward
judiciously selecting the spacer cations to maintain flattened
energy band structures. These spacer cations have the foremost
contribution toward antibonding interactions (due to interlayer
electronic coupling87), hence shifting VBM up. In contrast, the
hybridization of s and p orbitals of halide ions leads to octahedral
tilting shifts in both VBM and CBM to produce a nonuniform-
energy landscape.88 In the context of device fabrication, Voc and

the fill factor (FF) emerge as paramount parameters. Voltage
loss in 3D/2D heterojunction-based devices is a significant
challenge that arises from the processes previously discussed.
The observed phenomena tend to alter the work functions,
thereby resulting in a restricted Voc.

89 Zhang et al. studied the
electro-optical properties of BA2MAn−1PbnI3n+1 and MAPbI3.
They identified the impact of recombination currents on quasi-
Fermi level splitting (QFLS) losses. There are multiple voltage
loss pathways (Figure 5(b)), such as radiative, nonradiative, and
interfacial recombination at the perovskite/transport layer. The
quantification of nonradiative losses was calculated by
measuring the QFLS for the neat perovskite bulk and QFLS at
photoluminescence quantum yield (PLQY) = 1, i.e., radiative
limit and taking their difference, which was associated with
Shockley−Read−Hall recombinations. Using the Shockley−
Queisser limit, the maximum QFLS that can be reached
theoretically was determined by taking the difference between
the red dots and blue dots. Similarly, other losses at the surface
and interface can be quantified using comparative analysis of
neat and completed devices via the intersection of photo-
luminescence quantum yield (PLQY), electroluminescence
quantum efficiency (EQEEL), and absorption behavior. More-

Figure 5. (a) Operation mechanism of quasi-2D perovskite photovoltaics and the correlation between the band structure, energy disorder, and Voc of
the device. Reprinted with permission from ref 80. Copyright 2020 Springer Nature. (b) QFLS is calculated from the PLQY for the neat material and
the full device (left), and different types of energy losses are calculated from the left to compare the contribution of the other recombination processes
for each system (right). Reprinted with permission from ref 93. Copyright 2019 Wiley VCH. (c) An open-circuit voltage loss can be caused by either
increased recombination that lowers the charge carrier density (left) or broadening of the density of states with unchanged charge carrier density
(right). Reprinted with permission from ref 89. Copyright 2015 Wiley-VCH. (d) QFLS and Voc losses are in the bulk and at the interfaces and
electrodes. The QFLS obtained in the bulk of the layered perovskites and MAPI (blue hexagons) is impacted by radiative (red shaded area) and
nonradiative (light blue shaded area) recombination losses, while the QFLS in the p-i-n stacks (green diamonds) is affected by additional nonradiative
interfacial recombination losses (blue shaded area). The presence of the electrodes in the final cell causes additional nonradiative recombination losses
concerning the QFLS of the p-i-n stack (turquoise shaded area). Reprinted with permission from ref 94. Copyright 2021 Elsevier. (e) Illustration of the
ion migration pathways enabled by lattice distortions due to accumulated charges, dissolved impurities, and nonuniform strain caused by the
piezoelectric effect. Reprinted with permission from ref 95. Copyright 2016 American Chemical Society.
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over, due to the formation of a disordered structure,90 it
consequently seeps into the formation of band-tail states. These
states extend from the bands into the bandgap of the materials
and become recombination centers (see Figure 5(c)). It comes
with dual-faceted disadvantages, i.e., (i) increases trap-assisted
recombination pathways and (ii) reduces the quasi-Fermi level
splitting (which determines the device’s Voc) by the density of
states broadening.91 Therefore, it is plausible that the occurrence
of losses in 3D/2D heterostructures is attributable to disorder-
ing phenomenon. This can be attributed to the inherent
challenge of effectively controlling the ordered nature at the
interface. The Maxwell−Wagner effect model, as described in
the literature,92 explains the phenomenon of charge accumu-
lation that occurs upon the formation of a heterojunction.96 This
happens due to the difference in carrier spreading times across
the junction. As a result of the accumulation of charges, a
potential barrier may form at the interface, leading to a decrease
in the open-circuit voltage (Voc). Eventually, Sutanto et al., upon
halide modification in a thiophene-based spacer cation, showed
a near perfect interface with zero interfacial losses (see Figure
5(d)). This phenomenon has been attributed to energy level
alignment and optimal charge density at the interface, resulting
in a decrease in nonradiative recombinations.94 As mentioned
above, interface rigidity influences the behavior of the
components in the lattice or vice versa. However, due to the
ionic nature of the perovskite lattice, the ions (Pb2+, X−, MA+,
FA+, or Cs+) tend to migrate under heat, electric field, or
illumination. As discussed in the third section, lattice mismatch
gives rise to local lattice disorder. The pathways depicted in
Figure 5(e) illustrate the lattice distortions that give rise to ion
migration channels.95 Many groups have explored the impact of
these channel formation possibilities.97−100 It has been proven
that this lattice softening is the reason for ion migration inside
the perovskite systems, which in turn impacts the photostability,
intrasystem phase segregation, increased charge trap states, and
hence reduces the Voc and fill factor of the devices. Considering
the significant promise shown by 3D−2D perovskites, it is highly
probable that they can serve as replacements in various
applications, leading to substantial performance improvements.
Nevertheless, as discussed in the earlier review, achieving the
desired results depends on the comprehensive examination and
subsequent optimization of the heterojunction interface.

7. CONCLUSION
The exploration of charge carrier dynamics at the interface in
perovskite solar cells has shown significant advancements due to
the existence of multiple interfaces within these devices. The
adoption of 3D−2D perovskite-based devices has seen a
considerable increase. However, several challenges remain
during the fabrication process that require a systematic
resolution strategy. The fundamental issue of lattice mismatch
significantly influences the electronic and structural properties
of the interface. Furthermore, the specific type of band
alignment formed at the interface is yet to be fully
comprehended. Once these issues are successfully optimized,
it becomes essential to tackle more complex challenges,
particularly the losses that arise during the integration of the
absorber layer into the device structure. Hence, we advocate for
the use of the “cause-impact-identify-rectify” approach for
thorough evaluation. In closing, research on 3D−2D perovskites
and their potential applications in high-performance photo-
voltaics and optoelectronics is still being developed. We posit
that a detailed understanding of charge carrier dynamics and loss

mechanisms at the perovskite solar cell interface is crucial to
overcoming the existing limitations in their performance and
functionality.

8. FUTURE OUTLOOK
Among emerging solar technologies, halide perovskite solar cells
stand out as one of the most promising options for imminent
deployment. They have achieved efficiencies that surpass those
of single-junction silicon solar cells. 3D halide perovskites and
2D halide perovskites exhibit strong material compatibility,
enabling their integration within a single device by using various
design approaches. The incorporation of both 3D and 2D halide
perovskites into a single solar cell allows for achieving the
stability characteristics of 2D materials without compromising
the efficiency associated with 3D materials. Current research
lacks the appropriate utilization and development of advanced
characterization techniques to study the interface loss
mechanism accurately. The challenge that arises in the study
of heterostructures is inadequate techniques and limited
penetration depth of commonly used incident beams, which
hinder the acquisition of information about the interface within
the bulk of the material. Therefore, it is essential to employ
beamlines that utilize hard X-rays to generate sufficient energy to
access the interface. Moreover, recent advancements in science
have led to significant progress in the field of attosecond-level
spectroscopy as well as high-resolution imaging (∼0.050 nm).
These cutting-edge techniques offer a promising avenue for
investigating ultrafast processes and exploring the structural
intricacies of various interfaces. However, it is essential to note
that these spectroscopic techniques (TA spectroscopy, time-
resolved photoluminescence, deep-level transient spectroscopy,
impedance spectroscopy, etc.) cannot be relied upon solely.
Therefore, it is a must to establish a proper correlation between
these spectroscopic techniques and imaging techniques (HR-
TEM, STM, c-AFM, FE-SEM). A closer inspection of the
correlation between these two categories can yield a more
precise and complete visual representation of the complex
interplay among various mechanisms within the materials under
consideration.

The commercialization of 3D−2D-based photovoltaic
technology presents several noteworthy issues. To facilitate
the charge transport toward their respective electrodes, it
becomes necessary to separate the charges effectively. However,
the presence of long-chain organic ligands in 2D perovskites has
been observed to impede the flow of charges in the thin films.
Therefore, additional research efforts are necessary to explore
methods to allow charge transfer across organic ligands to
inorganic layers or to identify suitable alternatives that can
effectively safeguard the integrity of heterostructures while
preserving their desirable performance. Furthermore, the
integration of 3D−2D heterostructures has emerged as a
promising approach in the development of advanced photo-
voltaic devices, LEDs, and lasers. With the growing emphasis on
sustainable energy solutions, 3D−2D perovskite-based devices
have become potential candidates for the development of
unassisted solar water-splitting systems. The extended dura-
bility, stability, and panchromatic absorption properties of the
material present potential for harnessing these advantages to
convert electrical energy into chemical energy effectively.

Heterojunctions that employ a combination of 2D and 3D
materials have recently attracted significant interest in the
discipline of light-emitting diodes (LEDs) due to their
remarkable photoluminescence quantum yield (PLQY). The
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advantage is derived from the nanosized perovskite grains as well
as the presence of long-chain spacer cations. These factors
collectively contribute to the reduction in the exciton diffusion
length, resulting in a material that exhibits exceptional efficiency
and luminescence properties. The investigation and analysis of
2D perovskites have yielded notable advancements in the
efficiency of these devices. This can be attributed to the elevated
exciton binding energies inherent in 2D perovskite structures,
which consequently facilitate a greater number of radiative
recombinations. Moreover, when combined with a 3D counter-
part, it not only shows improved luminescent properties but also
reduces the trap density, i.e., defect passivation, for better
performance. Hence, in the future, exploring the concepts based
on energy funneling discussed in this Review could yield ground-
breaking LED efficiency. There is a growing demand for medical
X-ray imaging to minimize the X-ray dose acquired by the
patient down to single-photon sensitivity. Lead halide perov-
skites make up the most intensely studied class of contender
high-Z materials for high-energy photon detection. The X-ray
absorption coefficients of halide perovskite are a few-fold higher
compared with the most used material, cadmium telluride, for
soft X-rays. Moreover, due to their high quantum efficiency,
short decay time, and inexpensive cost, halide perovskites could
become a top contender for X-ray imaging.

Halide perovskites have garnered significant attention as
promising materials for memristors due to their ability to utilize
hysteresis, which is based on the motion of defects or ions within
the halide perovskite structure. The current state of research
regarding the utilization of perovskite materials as memristors is
still in its nascent phase. Several obstacles and issues need to be
addressed in order to facilitate real-world implementation of
halide perovskites in advanced memory devices of the future.
Reconfigurable memristors have been successfully developed
utilizing halide perovskites, demonstrating the ability to switch
between volatile and nonvolatile modes through controllable
electrochemical reactions. These reactions involve a combina-
tion of both ionic diffusive and drift mechanisms, enabling on-
demand switching capabilities. The superior performance in
both volatile and nonvolatile modes can be achieved through the
careful selection of perovskite nanocrystals and organic capping
ligands. At present, conventional computing devices employ
silicon- and oxide-based memristors.

More recently, perovskite quantum dots (QDs) have been
explored for efficient quantum computing. Researchers
exploited rapid photon emission exhibited by perovskites
upon laser excitation, and the observed high speed displayed
by this phenomenon holds significant implications for quantum
computing applications. Additionally, it should be noted that
they exhibit minimal engagement with their immediate
environment, resulting in enhanced coherence characteristics
and heightened stability. The comprehensive understanding of
3D−2D heterostructures presents a pathway for utilization in
the field of optoelectronic applications and beyond. Continued
research and advancement in this field will open the path for the
extensive use of halide perovskite solar cells in the coming years.
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Djurisǐc,́ A. B. Stability of 2D and Quasi-2D Perovskite Materials and
Devices. Commun. Mater. 2022, 3 (1), 63.
(12) Ran, H.; Cao, L.; Zhao, Y.; Chen, M.; Qi, P.; Wu, H.; Lu, Y.;

Zhang, Y.; Wang, S.; Tang, Y. Constructing 2D Passivation Layer on
Perovskites Based on 3-Chlorobenzylamine Enables Efficient and
Stable Perovskite Solar Cells. J. Alloys Compd. 2022, 926, No. 166891.
(13) Reding, J.; Zhang, W.; Allam, J. Imaging Excited-State Dynamics

in Two-Dimensional Semiconductors with Emerging Ultrafast
Measurement Techniques. Acc. Mater. Res. 2021, 2 (2), 75−85.
(14) Fischer, O.; Fell, A.; Messmer, C.; Efinger, R.; Schindler, F.;

Glunz, S. W.; Schubert, M. C. Understanding Contact Nonuniformities
at Interfaces in Perovskite Silicon Tandem Solar Cells Using
Luminescence Imaging, Lock-In Thermography, and 2D/3D Simu-
lations. Sol. RRL 2023, 7 (19), No. 2300249.
(15) Zhan, K.; Ren, X.; Cheng, P.; Shi, Z.; Lv, W.; Qiao, Q.; Wu, F.

Unraveling Photo-Induced Charge Transfer Properties at 3D/2D
Perovskite Interfaces via in-Situ Surface Photovoltage Spectroscopy.
Appl. Surf. Sci. 2023, 637, No. 157931.
(16) Shin, D.; Zu, F.; Nandayapa, E. R.; Frohloff, L.; Albert, E.; List-

Kratochvil, E. J. W.; Koch, N. The Electronic Properties of a 2D
Ruddlesden-Popper Perovskite and Its Energy Level Alignment with a
3D Perovskite Enable Interfacial Energy Transfer. Adv. Funct. Mater.
2023, 33 (2), No. 2208980.
(17) Chakraborty, R.; Paul, G.; Pal, A. J. Probing Band-Alignment at

the Interface of 3D/2D Perovskites for Solar Cell Applications. ACS
Appl. Electron. Mater. 2023, 5, 5362−5370.
(18) Wang, M.; Shi, Z.; Fei, C.; Deng, Z. J. D.; Yang, G.; Dunfield, S.

P.; Fenning, D. P.; Huang, J. Ammonium Cations with High pKa in
Perovskite Solar Cells for Improved High-Temperature Photostability.
Nat. Energy 2023, 8 (11), 1229−1239.
(19) Mei, A.; Sheng, Y.; Ming, Y.; Hu, Y.; Rong, Y.; Zhang, W.; Luo, S.;

Na, G.; Tian, C.; Hou, X.; Xiong, Y.; Zhang, Z.; Liu, S.; Uchida, S.; Kim,
T.-W.; Yuan, Y.; Zhang, L.; Zhou, Y.; Han, H. Stabilizing Perovskite
Solar Cells to IEC61215:2016 Standards with over 9,000-h Operational
Tracking. Joule 2020, 4 (12), 2646−2660.
(20) Azmi, R.; Ugur, E.; Seitkhan, A.; Aljamaan, F.; Subbiah, A. S.; Liu,

J.; Harrison, G. T.; Nugraha, M. I.; Eswaran, M. K.; Babics, M.; Chen,
Y.; Xu, F.; Allen, T. G.; Rehman, A. U.; Wang, C.-L.; Anthopoulos, T.
D.; Schwingenschlögl, U.; De Bastiani, M.; Aydin, E.; De Wolf, S. Damp
Heat−Stable Perovskite Solar Cells with Tailored-Dimensionality 2D/
3D Heterojunctions. Science 2022, 376 (6588), 73−77.
(21) Mao, L.; Stoumpos, C. C.; Kanatzidis, M. G. Two-Dimensional

Hybrid Halide Perovskites: Principles and Promises. J. Am. Chem. Soc.
2019, 141 (3), 1171−1190.
(22) Li, X.; Hoffman, J. M.; Kanatzidis, M. G. The 2D Halide

Perovskite Rulebook: How the Spacer Influences Everything from the
Structure to Optoelectronic Device Efficiency. Chem. Rev. 2021, 121
(4), 2230−2291.
(23) Cao, D. H.; Stoumpos, C. C.; Yokoyama, T.; Logsdon, J. L.; Song,

T.-B.; Farha, O. K.; Wasielewski, M. R.; Hupp, J. T.; Kanatzidis, M. G.
Thin Films and Solar Cells Based on Semiconducting Two-Dimen-
sional Ruddlesden−Popper (CH 3 (CH 2) 3 NH 3) 2 (CH 3 NH 3) n−1
Sn n I 3 n+1 Perovskites. ACS Energy Lett. 2017, 2 (5), 982−990.
(24) Sidhik, S.; Li, W.; Samani, M. H. K.; Zhang, H.; Wang, Y.;

Hoffman, J.; Fehr, A. K.; Wong, M. S.; Katan, C.; Even, J.; Marciel, A. B.;
Kanatzidis, M. G.; Blancon, J.; Mohite, A. D. Memory Seeds Enable
High Structural Phase Purity in 2D Perovskite Films for High-Efficiency
Devices. Adv. Mater. 2021, 33 (29), No. 2007176.
(25) Blancon, J.-C.; Even, J.; Stoumpos, C. C.; Kanatzidis, M. G.;

Mohite, A. D. Semiconductor Physics of Organic−Inorganic 2D Halide
Perovskites. Nat. Nanotechnol. 2020, 15 (12), 969−985.

(26) Soe, C. M. M.; Stoumpos, C. C.; Kepenekian, M.; Traoré, B.;
Tsai, H.; Nie, W.; Wang, B.; Katan, C.; Seshadri, R.; Mohite, A. D.;
Even, J.; Marks, T. J.; Kanatzidis, M. G. New Type of 2D Perovskites
with Alternating Cations in the Interlayer Space, (C(NH 2) 3)(CH 3
NH 3) n Pb n I 3 n+1: Structure, Properties, and Photovoltaic
Performance. J. Am. Chem. Soc. 2017, 139 (45), 16297−16309.
(27) Zhang, Y.; Keshavarz, M.; Debroye, E.; Fron, E.; Rodríguez

González, M. C.; Naumenko, D.; Amenitsch, H.; Van De Vondel, J.; De
Feyter, S.; Heremans, P.; Roeffaers, M. B. J.; Qiu, W.; Pradhan, B.;
Hofkens, J. Two-Dimensional Perovskites with Alternating Cations in
the Interlayer Space for Stable Light-Emitting Diodes. Nanophotonics
2021, 10 (8), 2145−2156.
(28) Ghosh, S.; Pradhan, B.; Zhang, Y.; Rana, D.; Naumenko, D.;

Amenitsch, H.; Hofkens, J.; Materny, A. Investigation of Many-Body
Exciton Recombination and Optical Anisotropy in Two-Dimensional
Perovskites Having Different Layers with Alternating Cations in the
Interlayer Space. J. Phys. Chem. C 2021, 125 (14), 7799−7807.
(29) Proppe, A. H.; Johnston, A.; Teale, S.; Mahata, A.; Quintero-

Bermudez, R.; Jung, E. H.; Grater, L.; Cui, T.; Filleter, T.; Kim, C.-Y.;
Kelley, S. O.; De Angelis, F.; Sargent, E. H. Multication Perovskite 2D/
3D Interfaces Form via Progressive Dimensional Reduction. Nat.
Commun. 2021, 12 (1), 3472.
(30) Yu, D.; Cao, F.; Liao, J.; Wang, B.; Su, C.; Xing, G. Direct

Observation of Photoinduced Carrier Blocking in Mixed-Dimensional
2D/3D Perovskites and the Origin. Nat. Commun. 2022, 13 (1), 6229.
(31) Hou, J.; Li, W.; Zhang, H.; Sidhik, S.; Fletcher, J.; Metcalf, I.;

Anantharaman, S. B.; Shuai, X.; Mishra, A.; Blancon, J.-C.; Katan, C.;
Jariwala, D.; Even, J.; Kanatzidis, M. G.; Mohite, A. D. Synthesis of 2D
Perovskite Crystals via Progressive Transformation of Quantum Well
Thickness. Nat. Synth. 2023. DOI: 10.1038/s44160-023-00422-3.
(32) Jang, Y.-W.; Lee, S.; Yeom, K. M.; Jeong, K.; Choi, K.; Choi, M.;

Noh, J. H. Intact 2D/3D Halide Junction Perovskite Solar Cells via
Solid-Phase in-Plane Growth. Nat. Energy 2021, 6 (1), 63−71.
(33) Liu, Z.; Meng, K.; Wang, X.; Qiao, Z.; Xu, Q.; Li, S.; Cheng, L.; Li,

Z.; Chen, G. In Situ Observation of Vapor-Assisted 2D−3D
Heterostructure Formation for Stable and Efficient Perovskite Solar
Cells. Nano Lett. 2020, 20 (2), 1296−1304.
(34) Kumar, S.; Houben, L.; Rechav, K.; Cahen, D. Halide Perovskite

Dynamics at Work: Large Cations at 2D-on-3D Interfaces Are Mobile.
Proc. Natl. Acad. Sci. U. S. A. 2022, 119 (10), No. e2114740119.
(35) Sidhik, S.; Wang, Y.; De Siena, M.; Asadpour, R.; Torma, A. J.;

Terlier, T.; Ho, K.; Li, W.; Puthirath, A. B.; Shuai, X.; Agrawal, A.;
Traore, B.; Jones, M.; Giridharagopal, R.; Ajayan, P. M.; Strzalka, J.;
Ginger, D. S.; Katan, C.; Alam, M. A.; Even, J.; Kanatzidis, M. G.;
Mohite, A. D. Deterministic Fabrication of 3D/2D Perovskite Bilayer
Stacks for Durable and Efficient Solar Cells. Science 2022, 377 (6613),
1425−1430.
(36) Lin, D.; Zhang, T.; Wang, J.; Long, M.; Xie, F.; Chen, J.; Wu, B.;

Shi, T.; Yan, K.; Xie, W.; Liu, P.; Xu, J. Stable and Scalable 3D-2D
Planar Heterojunction Perovskite Solar Cells via Vapor Deposition.
Nano Energy 2019, 59, 619−625.
(37) Steele, J. A.; Solano, E.; Hardy, D.; Dayton, D.; Ladd, D.; White,

K.; Chen, P.; Hou, J.; Huang, H.; Saha, R. A.; Wang, L.; Gao, F.;
Hofkens, J.; Roeffaers, M. B. J.; Chernyshov, D.; Toney, M. F. How to
GIWAXS: Grazing Incidence Wide Angle X-Ray Scattering Applied to
Metal Halide Perovskite Thin Films. Adv. Energy Mater. 2023, 13 (27),
No. 2300760.
(38) Mushtaq, A.; Pradhan, B.; Kushavah, D.; Zhang, Y.; Naumenko,

D.; Amenitsch, H.; Hofkens, J.; Pal, S. K. Femtosecond Induced Third-
Order Optical Nonlinearity in Quasi 2D Ruddlesden−Popper
Perovskite Film Deciphered Using Z-Scan. Mater. Adv. 2022, 3 (22),
8211−8219.
(39) Oesinghaus, L.; Schlipf, J.; Giesbrecht, N.; Song, L.; Hu, Y.; Bein,

T.; Docampo, P.; Müller-Buschbaum, P. Toward Tailored Film
Morphologies: The Origin of Crystal Orientation in Hybrid Perovskite
Thin Films. Adv. Mater. Interfaces 2016, 3 (19), No. 1600403.
(40) Zhang, X.; Qiu, W.; Song, W.; Hawash, Z.; Wang, Y.; Pradhan, B.;

Zhang, Y.; Naumenko, D.; Amenitsch, H.; Moons, E.; Merckx, T.;
Aguirre, A.; Abdulraheem, Y.; Aernouts, T.; Zhan, Y.; Kuang, Y.;

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c08936
ACS Omega 2024, 9, 10000−10016

10014

https://doi.org/10.34133/2021/9797053
https://doi.org/10.34133/2021/9797053
https://doi.org/10.1016/j.scib.2021.02.029
https://doi.org/10.1016/j.scib.2021.02.029
https://doi.org/10.1038/s43246-022-00285-9
https://doi.org/10.1038/s43246-022-00285-9
https://doi.org/10.1016/j.jallcom.2022.166891
https://doi.org/10.1016/j.jallcom.2022.166891
https://doi.org/10.1016/j.jallcom.2022.166891
https://doi.org/10.1021/accountsmr.0c00064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/accountsmr.0c00064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/accountsmr.0c00064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/solr.202300249
https://doi.org/10.1002/solr.202300249
https://doi.org/10.1002/solr.202300249
https://doi.org/10.1002/solr.202300249
https://doi.org/10.1016/j.apsusc.2023.157931
https://doi.org/10.1016/j.apsusc.2023.157931
https://doi.org/10.1002/adfm.202208980
https://doi.org/10.1002/adfm.202208980
https://doi.org/10.1002/adfm.202208980
https://doi.org/10.1021/acsaelm.3c00358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.3c00358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41560-023-01362-0
https://doi.org/10.1038/s41560-023-01362-0
https://doi.org/10.1016/j.joule.2020.09.010
https://doi.org/10.1016/j.joule.2020.09.010
https://doi.org/10.1016/j.joule.2020.09.010
https://doi.org/10.1126/science.abm5784
https://doi.org/10.1126/science.abm5784
https://doi.org/10.1126/science.abm5784
https://doi.org/10.1021/jacs.8b10851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b10851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202007176
https://doi.org/10.1002/adma.202007176
https://doi.org/10.1002/adma.202007176
https://doi.org/10.1038/s41565-020-00811-1
https://doi.org/10.1038/s41565-020-00811-1
https://doi.org/10.1021/jacs.7b09096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b09096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b09096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b09096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/nanoph-2021-0037
https://doi.org/10.1515/nanoph-2021-0037
https://doi.org/10.1021/acs.jpcc.1c01318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c01318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c01318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c01318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-23616-9
https://doi.org/10.1038/s41467-021-23616-9
https://doi.org/10.1038/s41467-022-33752-5
https://doi.org/10.1038/s41467-022-33752-5
https://doi.org/10.1038/s41467-022-33752-5
https://doi.org/10.1038/s44160-023-00422-3
https://doi.org/10.1038/s44160-023-00422-3
https://doi.org/10.1038/s44160-023-00422-3
https://doi.org/10.1038/s44160-023-00422-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41560-020-00749-7
https://doi.org/10.1038/s41560-020-00749-7
https://doi.org/10.1021/acs.nanolett.9b04759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b04759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b04759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2114740119
https://doi.org/10.1073/pnas.2114740119
https://doi.org/10.1126/science.abq7652
https://doi.org/10.1126/science.abq7652
https://doi.org/10.1016/j.nanoen.2019.03.014
https://doi.org/10.1016/j.nanoen.2019.03.014
https://doi.org/10.1002/aenm.202300760
https://doi.org/10.1002/aenm.202300760
https://doi.org/10.1002/aenm.202300760
https://doi.org/10.1039/D2MA00724J
https://doi.org/10.1039/D2MA00724J
https://doi.org/10.1039/D2MA00724J
https://doi.org/10.1002/admi.201600403
https://doi.org/10.1002/admi.201600403
https://doi.org/10.1002/admi.201600403
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Hofkens, J.; Poortmans, J. An Integrated Bulk and Surface Modification
Strategy for Gas-Quenched Inverted Perovskite Solar Cells with
Efficiencies Exceeding 22%. Sol. RRL 2022, 6 (6), No. 2200053.
(41) Han, C.; Xiao, X.; Zhang, W.; Gao, Q.; Qi, J.; Liu, J.; Xiang, J.;

Cheng, Y.; Du, J.; Qiu, C.; Mei, A.; Han, H. Impact and Role of Epitaxial
Growth in Metal Halide Perovskite Solar Cells.ACSMater. Lett. 2023, 5
(9), 2445−2463.
(42) Hu, F.; Lou, Y.; Wang, Z. Functional 2D Phases in Mixed

Dimensional Perovskite Photovoltaics. Adv. Funct. Mater. 2023, 33,
No. 2304848.
(43) Kim, H.-S.; Park, N.-G. Importance of Tailoring Lattice Strain in

Halide Perovskite Crystals. NPG Asia Mater. 2020, 12 (1), 78.
(44) Kepenekian, M.; Traore, B.; Blancon, J.-C.; Pedesseau, L.; Tsai,

H.; Nie, W.; Stoumpos, C. C.; Kanatzidis, M. G.; Even, J.; Mohite, A.
D.; Tretiak, S.; Katan, C. Concept of Lattice Mismatch and Emergence
of Surface States in Two-Dimensional Hybrid Perovskite Quantum
Wells. Nano Lett. 2018, 18 (9), 5603−5609.
(45) Zhou, Z.; Qiao, H. W.; Hou, Y.; Yang, H. G.; Yang, S. Epitaxial

Halide Perovskite-Based Materials for Photoelectric Energy Con-
version. Energy Environ. Sci. 2021, 14 (1), 127−157.
(46) Kumar, S.; Houben, L.; Rechav, K.; Cahen, D. Halide Perovskite

Dynamics at Work: Large Cations at 2D-on-3D Interfaces Are Mobile.
Proc. Natl. Acad. Sci. U. S. A. 2022, 119 (10), No. e2114740119.
(47) Lemmerer, A.; Billing, D. G. Synthesis, Characterization and

Phase Transitions of the Inorganic−Organic Layered Perovskite-Type
Hybrids [(C n H 2n+1 NH 3) 2 PbI 4 ], n = 7, 8, 9 and 10. Dalton Trans
2012, 41 (4), 1146−1157.
(48) Liu, Z.; Yu, W.-T.; Tao, X.-T.; Jiang, M.-H.; Yang, J.-X.; Wang, L.

Crystal Structure of Bis(4-Chloroanilinium) Tetraiodoplumbate(II),
(ClC6H4NH3)2Pbl4. Z. Für Krist. - New Cryst. Struct. 2004, 219 (1−
4), 489−490.
(49) Ahn, N.; Kwak, K.; Jang, M. S.; Yoon, H.; Lee, B. Y.; Lee, J.-K.;

Pikhitsa, P. V.; Byun, J.; Choi, M. Trapped Charge-Driven Degradation
of Perovskite Solar Cells. Nat. Commun. 2016, 7 (1), 13422.
(50) Umebayashi, T.; Asai, K.; Kondo, T.; Nakao, A. Electronic

Structures of Lead Iodide Based Low-Dimensional Crystals. Phys. Rev.
B 2003, 67 (15), No. 155405.
(51) Teale, S.; Proppe, A. H.; Jung, E. H.; Johnston, A.; Parmar, D. H.;

Chen, B.; Hou, Y.; Kelley, S. O.; Sargent, E. H. Dimensional Mixing
Increases the Efficiency of 2D/3D Perovskite Solar Cells. J. Phys. Chem.
Lett. 2020, 11 (13), 5115−5119.
(52) Caprioglio, P.; Smith, J. A.; Oliver, R. D. J.; Dasgupta, A.;

Choudhary, S.; Farrar, M. D.; Ramadan, A. J.; Lin, Y.-H.; Christoforo,
M. G.; Ball, J. M.; Diekmann, J.; Thiesbrummel, J.; Zaininger, K.-A.;
Shen, X.; Johnston, M. B.; Neher, D.; Stolterfoht, M.; Snaith, H. J.
Open-Circuit and Short-Circuit Loss Management in Wide-Gap
Perovskite p-i-n Solar Cells. Nat. Commun. 2023, 14 (1), 932.
(53) Kuo, M.-Y.; Spitha, N.; Hautzinger, M. P.; Hsieh, P.-L.; Li, J.;

Pan, D.; Zhao, Y.; Chen, L.-J.; Huang, M. H.; Jin, S.; Hsu, Y.-J.; Wright,
J. C. Distinct Carrier Transport Properties Across Horizontally vs
Vertically Oriented Heterostructures of 2D/3D Perovskites. J. Am.
Chem. Soc. 2021, 143 (13), 4969−4978.
(54) Quintero-Bermudez, R.; Proppe, A. H.; Mahata, A.; Todorovic,

P.; Kelley, S. O.; De Angelis, F.; Sargent, E. H. Ligand-Induced Surface
Charge Density Modulation Generates Local Type-II Band Alignment
in Reduced-Dimensional Perovskites. J. Am. Chem. Soc. 2019, 141 (34),
13459−13467.
(55) Vázquez, H.; Gao, W.; Flores, F.; Kahn, A. Energy Level

Alignment at Organic Heterojunctions: Role of the Charge Neutrality
Level. Phys. Rev. B 2005, 71 (4), No. 041306.
(56) Zhang, L.; Zhang, X.; Lu, G. Band Alignment in Two-

Dimensional Halide Perovskite Heterostructures: Type I or Type II?
J. Phys. Chem. Lett. 2020, 11 (8), 2910−2916.
(57) Huang, P.-C.; Huang, S.-K.; Lai, T.-C.; Shih, M.-C.; Hsu, H.-C.;

Chen, C.-H.; Lin, C.-C.; Chiang, C.-H.; Lin, C.-Y.; Tsukagoshi, K.;
Chen, C.-W.; Chiu, Y.-P.; Tsay, S.-F.; Wang, Y.-C. Visualizing Band
Alignment across 2D/3D Perovskite Heterointerfaces of Solar Cells
with Light-Modulated Scanning Tunneling Microscopy. Nano Energy
2021, 89, No. 106362.

(58) Dong, X.; Chen, M.; Wang, R.; Ling, Q.; Hu, Z.; Liu, H.; Xin, Y.;
Yang, Y.; Wang, J.; Liu, Y. Quantum Confinement Breaking: Orbital
Coupling in 2D Ruddlesden−Popper Perovskites Enables Efficient
Solar Cells. Adv. Energy Mater. 2023, 13 (29), No. 2301006.
(59) Zheng, K.; Chen, Y.; Sun, Y.; Chen, J.; Chábera, P.; Schaller, R.;

Al-Marri, M. J.; Canton, S. E.; Liang, Z.; Pullerits, T. Inter-Phase Charge
and Energy Transfer in Ruddlesden−Popper 2D Perovskites: Critical
Role of the Spacing Cations. J. Mater. Chem. A 2018, 6 (15), 6244−
6250.
(60) Williams, O. F.; Guo, Z.; Hu, J.; Yan, L.; You, W.; Moran, A. M.

Energy Transfer Mechanisms in Layered 2D Perovskites. J. Chem. Phys.
2018, 148 (13), 134706.
(61) Liu, J.; Leng, J.; Wu, K.; Zhang, J.; Jin, S. Observation of Internal

Photoinduced Electron and Hole Separation in Hybrid Two-Dimen-
tional Perovskite Films. J. Am. Chem. Soc. 2017, 139 (4), 1432−1435.
(62) Shang, Q.; Wang, Y.; Zhong, Y.; Mi, Y.; Qin, L.; Zhao, Y.; Qiu, X.;

Liu, X.; Zhang, Q. Unveiling Structurally Engineered Carrier Dynamics
in Hybrid Quasi-Two-Dimensional Perovskite Thin Films toward
Controllable Emission. J. Phys. Chem. Lett. 2017, 8 (18), 4431−4438.
(63) Liu, Y.; Lu, R.; Zhang, J.; Guo, X.; Li, C. Construction of a

Gradient-Type 2D/3D Perovskite Structure for Subsurface Passivation
and Energy-Level Alignment of an MAPbI 3 Film. J. Mater. Chem. A
2021, 9 (46), 26086−26094.
(64) Zhao, S.; Qin, M.; Wang, H.; Xie, J.; Xie, F.; Chen, J.; Lu, X.; Yan,

K.; Xu, J. Cascade Type-II 2D/3D Perovskite Heterojunctions for
Enhanced Stability and Photovoltaic Efficiency. Sol. RRL 2020, 4 (10),
No. 2000282.
(65) Wang, Z.; Lin, Q.; Chmiel, F. P.; Sakai, N.; Herz, L. M.; Snaith, H.

J. Efficient Ambient-Air-Stable Solar Cells with 2D−3D Heterostruc-
tured Butylammonium-Caesium-Formamidinium Lead Halide Perov-
skites. Nat. Energy 2017, 2 (9), 17135.
(66) Lei, L.; Seyitliyev, D.; Stuard, S.; Mendes, J.; Dong, Q.; Fu, X.;

Chen, Y.; He, S.; Yi, X.; Zhu, L.; Chang, C.; Ade, H.; Gundogdu, K.; So,
F. Efficient Energy Funneling in Quasi-2D Perovskites: From Light
Emission to Lasing. Adv. Mater. 2020, 32 (16), No. 1906571.
(67) Minda, I.; Horn, J.; Ahmed, E.; Schlettwein, D.; Schwoerer, H.

Ultrafast Charge Dynamics in Mixed Cation − Mixed Halide Perovskite
Thin Films. ChemPhysChem 2018, 19 (22), 3010−3017.
(68) Yang, G.; Tu, Y.; Ye, J.; Liu, R.; Zang, Y.; Zhang, L.; Wang, Y.; Li,

G.; Zhou, Q.; Chu, L.; Yan, W. Study on Carrier Dynamics of
Perovskite Solar Cells via Transient Absorption. J. Alloys Compd. 2023,
952, No. 170051.
(69) Miyata, K.; Meggiolaro, D.; Trinh, M. T.; Joshi, P. P.; Mosconi,

E.; Jones, S. C.; De Angelis, F.; Zhu, X.-Y. Large Polarons in Lead
Halide Perovskites. Sci. Adv. 2017, 3 (8), No. e1701217.
(70) Price, M. B.; Butkus, J.; Jellicoe, T. C.; Sadhanala, A.; Briane, A.;

Halpert, J. E.; Broch, K.; Hodgkiss, J. M.; Friend, R. H.; Deschler, F.
Hot-Carrier Cooling and Photoinduced Refractive Index Changes in
Organic−Inorganic Lead Halide Perovskites. Nat. Commun. 2015, 6
(1), 8420.
(71) Li, F.; Zhou, S.; Yuan, J.; Qin, C.; Yang, Y.; Shi, J.; Ling, X.; Li, Y.;

Ma, W. Perovskite Quantum Dot Solar Cells with 15. 6% Efficiency and
Improved Stability Enabled by an α-CsPbI 3 /FAPbI 3 Bilayer
Structure. ACS Energy Lett. 2019, 4 (11), 2571−2578.
(72) Fei, C.; Zhou, M.; Ogle, J.; Smilgies, D.-M.; Whittaker-Brooks,

L.; Wang, H. Self-Assembled Propylammonium Cations at Grain
Boundaries and the Film Surface to Improve the Efficiency and Stability
of Perovskite Solar Cells. J. Mater. Chem. A 2019, 7 (41), 23739−
23746.
(73) Alanazi, A. Q.; Kubicki, D. J.; Prochowicz, D.; Alharbi, E. A.;

Bouduban, M. E. F.; Jahanbakhshi, F.; Mladenovic,́ M.; Milic,́ J. V.;
Giordano, F.; Ren, D.; Alyamani, A. Y.; Albrithen, H.; Albadri, A.;
Alotaibi, M. H.; Moser, J.-E.; Zakeeruddin, S. M.; Rothlisberger, U.;
Emsley, L.; Grätzel, M. Atomic-Level Microstructure of Efficient
Formamidinium-Based Perovskite Solar Cells Stabilized by 5-
Ammonium Valeric Acid Iodide Revealed by Multinuclear and Two-
Dimensional Solid-State NMR. J. Am. Chem. Soc. 2019, 141 (44),
17659−17669.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c08936
ACS Omega 2024, 9, 10000−10016

10015

https://doi.org/10.1002/solr.202200053
https://doi.org/10.1002/solr.202200053
https://doi.org/10.1002/solr.202200053
https://doi.org/10.1021/acsmaterialslett.3c00496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.3c00496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202304848
https://doi.org/10.1002/adfm.202304848
https://doi.org/10.1038/s41427-020-00265-w
https://doi.org/10.1038/s41427-020-00265-w
https://doi.org/10.1021/acs.nanolett.8b02078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b02078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b02078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0EE02902E
https://doi.org/10.1039/D0EE02902E
https://doi.org/10.1039/D0EE02902E
https://doi.org/10.1073/pnas.2114740119
https://doi.org/10.1073/pnas.2114740119
https://doi.org/10.1039/C0DT01805H
https://doi.org/10.1039/C0DT01805H
https://doi.org/10.1039/C0DT01805H
https://doi.org/10.1524/ncrs.2004.219.14.489
https://doi.org/10.1524/ncrs.2004.219.14.489
https://doi.org/10.1038/ncomms13422
https://doi.org/10.1038/ncomms13422
https://doi.org/10.1103/PhysRevB.67.155405
https://doi.org/10.1103/PhysRevB.67.155405
https://doi.org/10.1021/acs.jpclett.0c01444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c01444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-023-36141-8
https://doi.org/10.1038/s41467-023-36141-8
https://doi.org/10.1021/jacs.0c10000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c10000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b04801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b04801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b04801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.71.041306
https://doi.org/10.1103/PhysRevB.71.041306
https://doi.org/10.1103/PhysRevB.71.041306
https://doi.org/10.1021/acs.jpclett.0c00376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nanoen.2021.106362
https://doi.org/10.1016/j.nanoen.2021.106362
https://doi.org/10.1016/j.nanoen.2021.106362
https://doi.org/10.1002/aenm.202301006
https://doi.org/10.1002/aenm.202301006
https://doi.org/10.1002/aenm.202301006
https://doi.org/10.1039/C8TA01518J
https://doi.org/10.1039/C8TA01518J
https://doi.org/10.1039/C8TA01518J
https://doi.org/10.1063/1.5009663
https://doi.org/10.1021/jacs.6b12581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b01857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b01857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b01857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1TA07537C
https://doi.org/10.1039/D1TA07537C
https://doi.org/10.1039/D1TA07537C
https://doi.org/10.1002/solr.202000282
https://doi.org/10.1002/solr.202000282
https://doi.org/10.1038/nenergy.2017.135
https://doi.org/10.1038/nenergy.2017.135
https://doi.org/10.1038/nenergy.2017.135
https://doi.org/10.1002/adma.201906571
https://doi.org/10.1002/adma.201906571
https://doi.org/10.1002/cphc.201800547
https://doi.org/10.1002/cphc.201800547
https://doi.org/10.1016/j.jallcom.2023.170051
https://doi.org/10.1016/j.jallcom.2023.170051
https://doi.org/10.1126/sciadv.1701217
https://doi.org/10.1126/sciadv.1701217
https://doi.org/10.1038/ncomms9420
https://doi.org/10.1038/ncomms9420
https://doi.org/10.1021/acsenergylett.9b01920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b01920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b01920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9TA01755K
https://doi.org/10.1039/C9TA01755K
https://doi.org/10.1039/C9TA01755K
https://doi.org/10.1021/jacs.9b07381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(74) Yang, Y.; Liu, C.; Kanda, H.; Ding, Y.; Huang, H.; Chen, H.;
Ding, B.; Liang, Y.; Liu, X.; Cai, M.; Dyson, P. J.; Dai, S.; Nazeeruddin,
M. K. Expanded Phase Distribution in Low Average Layer-Number 2D
Perovskite Films: Toward Efficient Semitransparent Solar Cells. Adv.
Funct. Mater. 2021, 31 (40), No. 2104868.
(75) Yuan, M.; Quan, L. N.; Comin, R.; Walters, G.; Sabatini, R.;

Voznyy, O.; Hoogland, S.; Zhao, Y.; Beauregard, E. M.; Kanjanaboos,
P.; Lu, Z.; Kim, D. H.; Sargent, E. H. Perovskite Energy Funnels for
Efficient Light-Emitting Diodes.Nat. Nanotechnol. 2016, 11 (10), 872−
877.
(76) Yang, Y.; Yang, M.; Li, Z.; Crisp, R.; Zhu, K.; Beard, M. C.

Comparison of Recombination Dynamics in CH 3 NH 3 PbBr 3 and CH
3 NH 3 PbI 3 Perovskite Films: Influence of Exciton Binding Energy. J.
Phys. Chem. Lett. 2015, 6 (23), 4688−4692.
(77) Zhang, T.; Long, M.; Qin, M.; Lu, X.; Chen, S.; Xie, F.; Gong, L.;

Chen, J.; Chu, M.; Miao, Q.; Chen, Z.; Xu, W.; Liu, P.; Xie, W.; Xu, J.
Stable and Efficient 3D-2D Perovskite-Perovskite Planar Hetero-
junction Solar Cell without Organic Hole Transport Layer. Joule 2018,
2 (12), 2706−2721.
(78) Zhang, Y.; Sun, M.; Zhou, N.; Huang, B.; Zhou, H. Electronic

Tunability and Mobility Anisotropy of Quasi-2D Perovskite Single
Crystals with Varied Spacer Cations. J. Phys. Chem. Lett. 2020, 11 (18),
7610−7616.
(79) Yu, S.; Yan, Y.; Abdellah, M.; Pullerits, T.; Zheng, K.; Liang, Z.

Nonconfinement Structure Revealed in Dion−Jacobson Type Quasi-
2D Perovskite Expedites Interlayer Charge Transport. Small 2019, 15
(49), 1905081.
(80) He, T.; Li, S.; Jiang, Y.; Qin, C.; Cui, M.; Qiao, L.; Xu, H.; Yang,

J.; Long, R.; Wang, H.; Yuan, M. Reduced-Dimensional Perovskite
Photovoltaics with Homogeneous Energy Landscape. Nat. Commun.
2020, 11 (1), 1672.
(81) Gan, Z.; Wen, X.; Zhou, C.; Chen, W.; Zheng, F.; Yang, S.; Davis,

J. A.; Tapping, P. C.; Kee, T. W.; Zhang, H.; et al. Transient Energy
Reservoir in 2D Perovskites. Adv. Opt. Mater. 2019, 7 (22), 1900971.
(82) Kim, Y.-H.; Cho, H.; Heo, J. H.; Kim, T.-S.; Myoung, N.; Lee, C.-

L.; Im, S. H.; Lee, T.-W. Multicolored Organic/Inorganic Hybrid
Perovskite Light-Emitting Diodes. Adv. Mater. 2015, 27 (7), 1248−
1254.
(83) Gan, Z.; Chen, W.; Liu, C.; Zhang, J.; Di, Y.; Yu, L.; Dong, L.; Jia,

B.; Wen, X. Energy Funneling in Quasi-2D Ruddlesden−Popper
Perovskites: Charge Transfer versus Resonant Energy Transfer. Adv.
Photonics Res. 2022, 3 (1), No. 2100283.
(84) Wei, K.; Jiang, T.; Xu, Z.; Zhou, J.; You, J.; Tang, Y.; Li, H.; Chen,

R.; Zheng, X.; Wang, S.; Yin, K.; Wang, Z.; Wang, J.; Cheng, X. Ultrafast
Carrier Transfer Promoted by Interlayer Coulomb Coupling in 2D/3D
Perovskite Heterostructures. Laser Photonics Rev. 2018, 12 (10),
No. 1800128.
(85) Yu, D.; Cao, F.; Su, C.; Xing, G. Exploring, Identifying, and

Removing the Efficiency-Limiting Factor of Mixed-Dimensional 2D/
3D Perovskite Solar Cells. Acc. Chem. Res. 2023, 56 (8), 959−970.
(86) Fast, J.; Aeberhard, U.; Bremner, S. P.; Linke, H. Hot-Carrier

Optoelectronic Devices Based on Semiconductor Nanowires. Appl.
Phys. Rev. 2021, 8 (2), No. 021309.
(87) Hsu, C.-P. The Electronic Couplings in Electron Transfer and

Excitation Energy Transfer. Acc. Chem. Res. 2009, 42 (4), 509−518.
(88) Paritmongkol, W.; Dahod, N. S.; Stollmann, A.; Mao, N.; Settens,

C.; Zheng, S.-L.; Tisdale, W. A. Synthetic Variation and Structural
Trends in Layered Two-Dimensional Alkylammonium Lead Halide
Perovskites. Chem. Mater. 2019, 31 (15), 5592−5607.
(89) Heumueller, T.; Burke, T. M.; Mateker, W. R.; Sachs-Quintana, I.

T.; Vandewal, K.; Brabec, C. J.; McGehee, M. D. Disorder-Induced
Open-Circuit Voltage Losses in Organic Solar Cells During Photo-
induced Burn-In. Adv. Energy Mater. 2015, 5 (14), No. 1500111.
(90) Zhang, C.; Mahadevan, S.; Yuan, J.; Ho, J. K. W.; Gao, Y.; Liu, W.;

Zhong, H.; Yan, H.; Zou, Y.; Tsang, S.-W.; So, S. K. Unraveling Urbach
Tail Effects in High-Performance Organic Photovoltaics: Dynamic vs
Static Disorder. ACS Energy Lett. 2022, 7 (6), 1971−1979.
(91) Wolter, M. H.; Carron, R.; Avancini, E.; Bissig, B.; Weiss, T. P.;

Nishiwaki, S.; Feurer, T.; Buecheler, S.; Jackson, P.; Witte, W.;

Siebentritt, S. How Band Tail Recombination Influences the Open-
circuit Voltage of Solar Cells. Prog. Photovolt. Res. Appl. 2022, 30 (7),
702−712.
(92) ((92)) Wagner, K. Erklar̈ung Der Dielektrischen Nachwirkungs-

vorgan̈ge Auf Grund Maxwellscher Vorstellungen. Arch Elektrotech.
1914, 2, 371−387.
(93) Zhang, S.; Hosseini, S. M.; Gunder, R.; Petsiuk, A.; Caprioglio,

P.; Wolff, C. M.; Shoaee, S.; Meredith, P.; Schorr, S.; Unold, T.; Burn, P.
L.; Neher, D.; Stolterfoht, M. The Role of Bulk and Interface
Recombination in High-Efficiency Low-Dimensional Perovskite Solar
Cells. Adv. Mater. 2019, 31 (30), No. 1901090.
(94) Sutanto, A. A.; Caprioglio, P.; Drigo, N.; Hofstetter, Y. J.; Garcia-

Benito, I.; Queloz, V. I. E.; Neher, D.; Nazeeruddin, M. K.; Stolterfoht,
M.; Vaynzof, Y.; Grancini, G. 2D/3D Perovskite Engineering
Eliminates Interfacial Recombination Losses in Hybrid Perovskite
Solar Cells. Chem. 2021, 7 (7), 1903−1916.
(95) Yuan, Y.; Huang, J. Ion Migration in Organometal Trihalide

Perovskite and Its Impact on Photovoltaic Efficiency and Stability. Acc.
Chem. Res. 2016, 49 (2), 286−293.
(96) Ahmad, Z.; Mishra, A.; Abdulrahim, S. M.; Taguchi, D.;

Sanghyun, P.; Aziz, F.; Iwamoto, M.; Manaka, T.; Bhadra, J.; Al-Thani,
N. J.; Nazeeruddin, M. K.; Touati, F.; Belaidi, A.; Al-Muhtaseb, S. A.
Consequence of Aging at Au/HTM/Perovskite Interface in Triple
Cation 3D and 2D/3D Hybrid Perovskite Solar Cells. Sci. Rep. 2021, 11
(1), 33.
(97) Choi, J. J.; Yang, X.; Norman, Z. M.; Billinge, S. J. L.; Owen, J. S.

Structure of Methylammonium Lead Iodide Within Mesoporous
Titanium Dioxide: Active Material in High-Performance Perovskite
Solar Cells. Nano Lett. 2014, 14 (1), 127−133.
(98) Wu, B.; Fu, K.; Yantara, N.; Xing, G.; Sun, S.; Sum, T. C.;

Mathews, N. Charge Accumulation and Hysteresis in Perovskite-Based
Solar Cells: An Electro-Optical Analysis. Adv. Energy Mater. 2015, 5
(19), No. 1500829.
(99) Jeon, N. J.; Noh, J. H.; Kim, Y. C.; Yang, W. S.; Ryu, S.; Seok, S. I.

Solvent Engineering for High-Performance Inorganic−Organic Hybrid
Perovskite Solar Cells. Nat. Mater. 2014, 13 (9), 897−903.
(100) Dong, Q.; Song, J.; Fang, Y.; Shao, Y.; Ducharme, S.; Huang, J.

Lateral-Structure Single-Crystal Hybrid Perovskite Solar Cells via
Piezoelectric Poling. Adv. Mater. 2016, 28 (14), 2816−2821.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c08936
ACS Omega 2024, 9, 10000−10016

10016

https://doi.org/10.1002/adfm.202104868
https://doi.org/10.1002/adfm.202104868
https://doi.org/10.1038/nnano.2016.110
https://doi.org/10.1038/nnano.2016.110
https://doi.org/10.1021/acs.jpclett.5b02290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b02290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.joule.2018.09.022
https://doi.org/10.1016/j.joule.2018.09.022
https://doi.org/10.1021/acs.jpclett.0c02274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c02274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c02274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.201905081
https://doi.org/10.1002/smll.201905081
https://doi.org/10.1038/s41467-020-15451-1
https://doi.org/10.1038/s41467-020-15451-1
https://doi.org/10.1002/adom.201900971
https://doi.org/10.1002/adom.201900971
https://doi.org/10.1002/adma.201403751
https://doi.org/10.1002/adma.201403751
https://doi.org/10.1002/adpr.202100283
https://doi.org/10.1002/adpr.202100283
https://doi.org/10.1002/lpor.201800128
https://doi.org/10.1002/lpor.201800128
https://doi.org/10.1002/lpor.201800128
https://doi.org/10.1021/acs.accounts.3c00015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.3c00015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.3c00015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0038263
https://doi.org/10.1063/5.0038263
https://doi.org/10.1021/ar800153f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar800153f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aenm.201500111
https://doi.org/10.1002/aenm.201500111
https://doi.org/10.1002/aenm.201500111
https://doi.org/10.1021/acsenergylett.2c00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pip.3449
https://doi.org/10.1002/pip.3449
https://doi.org/10.1007/BF01657322
https://doi.org/10.1007/BF01657322
https://doi.org/10.1002/adma.201901090
https://doi.org/10.1002/adma.201901090
https://doi.org/10.1002/adma.201901090
https://doi.org/10.1016/j.chempr.2021.04.002
https://doi.org/10.1016/j.chempr.2021.04.002
https://doi.org/10.1016/j.chempr.2021.04.002
https://doi.org/10.1021/acs.accounts.5b00420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-020-79659-3
https://doi.org/10.1038/s41598-020-79659-3
https://doi.org/10.1021/nl403514x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl403514x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl403514x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aenm.201500829
https://doi.org/10.1002/aenm.201500829
https://doi.org/10.1038/nmat4014
https://doi.org/10.1038/nmat4014
https://doi.org/10.1002/adma.201505244
https://doi.org/10.1002/adma.201505244
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

