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ABSTRACT: Halide perovskites have attracted a great amount of attention owing to their unique materials chemistry, excellent
electronic properties, and low-cost manufacturing. Two-dimensional (2D) halide perovskites, originating from three-dimensional
(3D) perovskite structures, are structurally more diverse and therefore create functional possibilities beyond 3D perovskites. The
much less restrictive size constraints on the organic component of these hybrid materials particularly provide an exciting platform for
designing unprecedented materials and functionalities at the molecular level. In this Perspective, we discuss the concept and recent
development of a sub-class of 2D perovskites, namely, organic semiconductor-incorporated perovskites (OSiPs). OSiPs combine the
electronic functionality of organic semiconductors with the soft and dynamic halide perovskite lattice, offering opportunities for
tailoring the energy landscape, lattice and carrier dynamics, and electron/ion transport properties for various fundamental studies, as
well as device applications. Specifically, we summarize recent advances in the design, synthesis, and structural analysis of OSiPs with
various organic conjugated moieties as well as the application of OSiPs in photovoltaics, light-emitting devices, and transistors.
Lastly, challenges and further opportunities for OSiPs in molecular design, integration of novel functionality, film quality, and
stability issues are addressed.

1. INTRODUCTION
The discovery of perovskite materials can be traced back to the
1800s,1,2 but it was only in the past few decades that the halide
perovskite family, first as transistor materials3 and then as light
absorbers,4 attracted significant research interest. These
materials are now recognized as prominent semiconductors
for next-generation photovoltaics.5−8 The structure of halide
perovskite is generalized to ABX3, where A are monovalent
cations, such as methylammonium (MA), formamidinium
(FA), Cs, etc.; B are divalent metal cations; and X are halide
anions (Figure 1a). Driven by the excellent optical absorption
with a tunable band gap, high charge mobility, long carrier
diffusion length, and low-cost processing, the state-of-the-art
power conversion efficiency (PCE) of perovskite solar cells
(PSCs) is approaching that of single-crystalline Si.6 However,
environmental stability issues (i.e., degradation susceptibilities
to heat, light, bias, and moisture) hinder the further
development of perovskites. Reducing the dimensionality of
perovskites in which the inorganic [BX6]4− sheets, chains, or
even individual octahedra are isolated by organic molecules
could be an effective approach to enhance the environmental
stability. Among various low-dimensional perovskites, two-
dimensional (2D) perovskites, which maintain many key
features of three-dimensional (3D) perovskites, have been
extensively studied because of their tunable optoelectronic
properties, rich chemical diversity, easy integration as
heterostructures, and superior stability.
Most 2D perovskites with layered structures can be achieved

through intercalating organic cations into the (100) plane of
the parent 3D cubic structure, with n representing the number
of [BX6]4− inorganic layers that were capped by organic

ligands. Note that recently researchers have also reported the
utilization of large inorganic spacer cations to form all-
inorganic 2D perovskites as a new subclass of perovskite
materials,9−11 yet the current discussion primarily focuses on
hybrid organic−inorganic structures. Increasing the number of
layers of inorganic sheets to infinity leads to the 3D perovskite
structure illustrated in Figure 1a. The 2D perovskite ⟨100⟩
family includes three typical phases: Ruddlesden−Popper
(RP), Dion−Jacobson (DJ), and alternating cations (ACI)
(Figure 1b).12,13 The RP-phase perovskite employs mono-
valent cationic organic ligands that form ionic bonding with
the inorganic slab. Two organic layers are accommodated
between two [BX6]4− inorganic sheets with (1/2, 1/2)
displacement. The general formula is L2An‑1BnX3n+1 (“L”
represents a “ligand” or, more strictly speaking, a “bulky
cation”). Note that the definition of “ligand” here is slightly
different from that used in inorganic, colloidal, and biological
chemistries. Here, to differentiate from the A- and B-site
cations in perovskites, we name the bulky cation as a “ligand”,
not necessarily following any previous definitions of “ligand” in
other areas of chemistry. The DJ-phase perovskite employs
divalent organic ligands that interact with the inorganic slab
from both sides, and therefore only one organic layer exists
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between [BX6]4− inorganic sheets, without lattice displacement
between the top and bottom layers. The general formula is
LAn‑1BnX3n+1. An ACI phase with alternating order that uses
guanidinium ligands and MA was demonstrated in Kanatzidis’s
work.14 Generally, 2D perovskites adopt a quantum-well
structure15 with organic barriers and inorganic wells, in
which the HOMO of organic ligands is deeper than the
inorganic valence band maximum (VBM) and the LUMO is
shallower than the inorganic conduction band minimum
(CBM), as shown in Figure 1c, type I. The relatively large
HOMO−LUMO gap comes from the insulating nature of the
nonconjugated short-chain organic ligands. By incorporating

organic ligands with extended conjugation, the 2D quantum-
well structure can be tuned from type I to type II or reversed-
type I band alignment in the organic−inorganic hybrid
structure (Figure 1c).16,17 To differentiate it from the
conventional hybrid perovskites, this type of semiconducting
2D perovskite material, with the incorporation of functional
conjugated organic cations, can be considered an “organic
semiconductor-incorporated perovskite”, abbreviated to
“OSiP” (Figure 2a).
Although it had not been defined at that time, the history of

OSiP can be traced back to more than 20 years ago. In 1999,
Mitzi et al. designed the first functional divalent quater-

Figure 1. (a) Schematics of 2D (n = 1−3) and 3D perovskites. (b) RP, DJ, and ACI phases of 2D perovskite (from left to right). Reproduced with
permission from ref 12. Copyright 2021 American Chemical Society. (c) Scheme of perovskite 2D quantum wells with type I, type II, and reversed-
type I energy alignment.

Figure 2. (a) Schematics of OSiPs and their advantages. Early-stage OSiPs with (b) AEQT (Reproduced with permission from ref 18. Copyright
1999 American Chemical Society.), (c) pyrene (Reproduced with permission from ref 19. Copyright 1999 Elsevier Science B.V.), and (d)
polydiacetylene ligands (Reproduced with permission from ref 20. Copyright 2001 Royal Society of Chemistry.).
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Figure 3. Summary of reported conjugative organic cations that form 2D halide perovskites. The check marks represent ligands that have confirmed
2D perovskite single-crystal structures. Two rings: 2-1, 2-([2,2′-bithiophen]-5-yl)ethan-1-aminium (2T);28 2-2, 2,2′-([2,2′-bithiophene]-5,5′-
diyl)bis(ethan-1-aminium) (AE2T);18 2-3, 2,2′-([2,2′-bithiophene]-5,5′-diylbis(sulfanediyl))bis(ethan-1-aminium);46 2-4, [2,2′-bithiophene]-5,5′-
diyldimethanaminium (BThDMA);47 2-5, thieno[3,2-b]thiophen-2-ylmethanaminium;48 2-6, naphthalen-1-ylmethanaminium (NMA);49,50 2-7, 2-
(naphthalen-1-yloxy)ethan-1-aminium;51 2-8, naphthalen-2-ylmethanaminium (NMA);24 2-9, 2-(naphthalen-2-yl)ethan-1-aminium (NEA);24 2-
10, [1,1′-biphenyl]-4-ylmethanaminium (BMPA);52 2-11, [1,1′-biphenyl]-4,4′-diyldimethanaminium (PP),53 2-12, (2-fluoro-[1,1′-biphenyl]-4,4′-
diyl)dimethanaminium (FPP);53 2-13, (5-(4-(ammoniomethyl)-2-fluorophenyl)thiophen-2-yl)methanaminium (FPT);53 2-14, (E)-2-(4-styryl-
phenyl)ethan-1-aminium (SA);54 2-15, (E)-2-(4-(3-fluorostyryl)phenyl)ethan-1-aminium (FSA);54 2-16, (E)-2-(4-(phenyldiazenyl)phenyl)ethan-
1-aminium.55,56 Three rings: 3-1, 2-([2,2′:5′,2″-terthiophen]-5-yl)ethan-1-aminium (3T);41 3-2, 2,2′-([2,2′:5′,2″-terthiophene]-5,5″-diyl)bis-
(ethan-1-aminium) (AE3T);17 3-3, 2-(5-(2,2′-dimethyl-[1,1′-biphenyl]-4-yl)thiophen-2-yl)ethan-1-aminium (PPT);42 3-4, 2-(5-(3′,5′-dimethyl-
[1,1′-biphenyl]-4-yl)thiophen-2-yl)ethan-1-aminium (PPT′);42 3-5, 3-(9H-carbazol-9-yl)propan-1-aminium;22 3-6, 3-(1,3-dioxo-1,3,3a,9a-tetrahy-
dro-2H-benzo[f ]isoindol-2-yl)propan-1-aminium (NAA);57 3-7, 3-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propan-1-aminium (NIA);58 3-
8, anthracen-9-ylmethanaminium;50 3-9, thieno[3,2-b]thiophene-2-phenylmethylammonium (TTPhMA);48 Four rings and above: 4-1, 2-
([2,2′:5′,2″:5″,2‴-quaterthiophen]-5-yl)ethan-1-aminium (4T);28 4-2, 2-(3‴,4′-dimethyl-[2,2′:5′,2″:5″,2‴-quaterthiophen]-5-yl)ethan-1-aminium
(4Tm);28 4-3, 2-(4′-methyl-5′-(7-(3-methylthiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-yl)-[2,2′-bithiophen]-5-yl)ethan-1-aminium (BTm);28,38 4-
4, 2-(4′-methyl-5′-(5-(3-methylthiophen-2-yl)selenophen-2-yl)-[2,2′-bithiophen]-5-yl)ethan-1-aminium (STm);33 4-5, 2-(3″,4″-dicyano-3‴,4′-
dimethyl-[2,2′:5′,2″:5″,2‴-quaterthiophen]-5-yl)ethan-1-aminium (4TCNm);28 4-6, 2-(3‴,4′-diethyl-[2,2′:5′,2″:5″,2‴-quaterthiophen]-5-yl)-
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thiophene molecule (AEQT) and incorporated it into an
inorganic perovskite framework to form DJ-phase 2D perov-
skites with a herringbone arrangement (Figure 2b).18 The
excitonic absorption feature and photoluminescence properties
of perovskites changed with the different halides. In the same
year, pyrene molecules were incorporated into the [PbX6]4−

mixed-halide inorganic framework as chromophores by Braun
et al. (Figure 2c).19 The increase in phosphorescence intensity
and decrease in triplet-state lifetime from Cl to I were
explained by the heavy-atom effect. Shortly after, in 2001,
Takeoka and co-workers realized the polymerization within the
[PbBr6]4− framework and formed OSiPs incorporating a
polydiacetylene backbone (Figure 2d).20 The solid-state
polymerization reaction under γ-ray was confirmed by the
occurrence of a new π−π* transition from UV−vis spectra.
Despite OSiPs having a history of over 20 years, few dedicated
efforts were made in this field before the burst of perovskite
photovoltaics.19−26 With a deep understanding of organic
semiconducting materials and the importance of functional
organic cations in hybrid 2D perovskite structures, in 2019 our
group designed and synthesized a series of new thiophene-
based monovalent ligands that form single-crystalline RP-phase
OSiPs, establishing OSiPs as a new sub-class of hybrid halide
perovskite materials featuring organic semiconducting li-
gands.27−29 Moreover, our group further extended the scope
by designing more functional conjugated ligands, which were
successfully incorporated into the 2D halide perovskite
framework and were demonstrated to have excellent perform-
ance in a variety of electronic and optoelectronic devices.30−42

The successful application of OSiPs in devices is closely
related to several advantages: (1) With careful molecular
design, a complete set of type I, type II, and reversed-type I
energy alignment in perovskite quantum wells with intriguing
optoelectronic properties can be achieved. (2) Through the
approach of structural fine-tuning, it is possible to adjust the
assembly of the organic barrier in 2D perovskite via secondary
bonding interactions, thus improving the corresponding lattice
tension and conductivity, which may benefit charge transport.
(3) OSiP also offers a new playground for characterizing and
understanding the photophysics of these self-organized
heterostructures with new charge-transfer and energy-transfer
features. (4) The organic conjugated molecules with rigid and
hydrophobic nature within OSiPs serve as moisture and ion
migration barriers, resulting in greatly enhanced stability
compared to conventional short-chain 2D and 3D perovskite
counterparts.

In this Perspective, we mainly discuss the structure and
functionality of conjugated organic ligands, the structure−
property relationships of 2D OSiPs, and applications of OSiPs
in solar cells, light-emitting diodes (LEDs), and field-effect
transistors (FETs). In the end, the future direction of OSiP will
be discussed, focusing on ligand design, novel functionality
incorporation, film quality, and stability.

2. STRUCTURE AND PROPERTIES OF OSiPs
2.1. Molecular Design of Conjugated Ligands.

Conjugated organic ligands contribute to the new electronic
features in OSiPs. However, designing/synthesizing functional
organic ligands with ideal geometry and realizing the successful
incorporation of bulky conjugated ligands to form 2D
perovskites require many empirical trials, and this remains
challenging. One design criterion is to make full use of the out-
of-plane relaxation of 2D perovskites by increasing the
conjugation of ligands to decrease the HOMO−LUMO gaps.
At the same time, new ligands should maintain a small cross
section to fit in the space between corner-shared octahedra in
the 2D inorganic matrix. In Figure 3, all the previously
reported conjugated ligands that form 2D perovskites are
summarized and classified based on the number of aromatic
rings, while “Others” represents polymeric ligands or uniquely
featured ligands. Ligands with a single ring or simpler structure
are not included here because of their relatively large HOMO−
LUMO gaps and insulating nature (they are classified as
conventional ligands and have been reviewed in numerous
recent works). We suggest refs 12, 43−45 for a broader
discussion of 2D perovskites and refs 27, 29, and 32 for our
earlier discussion of OSiPs. Generally, ligands that can be
applied to OSiPs are composed of four parts: head group,
conjugated body, linker (between the head group and body),
and side chains. The head group is typically a primary
ammonium that has the lowest steric bulk, which forms ionic
bonds with [BX6]4− octahedra.
Most of the linkers are one- or two-carbon chains. The

central conjugated bodies could be various aromatic rings
based on thiophene, benzene, naphthalene, heteroarenes, C−C
double bond connection, etc. Side-chain modification focuses
on the functionalization of any non-ammonium site including
the opposite terminus in a linear ligand.59,60,74,75 The structure
of the ligand affects the packing, introduces various secondary
interactions, governs the distortion of [BX6]4− octahedron, and
determines the feasibility of forming 2D structure. In the
following section, we will briefly discuss some of the ligands
and their related features in each category.

Figure 3. continued

ethan-1-aminium (4Te);59 4-7, 2-(3′,3‴,4′,4‴-tetramethyl-[2,2′:5′,2″:5″,2-quaterthiophen]-5-yl)ethan-1-aminium (4Tdm);59 4-8, 2-(5‴-fluoro-
3‴,4′-dimethyl-[2,2′:5′,2″:5″,2‴-quaterthiophen]-5-yl)ethan-1-aminium (F4Tm);60 4-9, 2-(5‴-chloro-3‴,4′-dimethyl-[2,2′:5′,2″:5″,2‴-quaterthio-
phen]-5-yl)ethan-1-aminium (Cl4Tm);60 4-10, 2-(5‴-bromo-3‴,4′-dimethyl-[2,2′:5′,2″:5″,2‴-quaterthiophen]-5-yl)ethan-1-aminium (Br4Tm);60

4-11, 2-(4′-methyl-5′-(5-(3-methylthiophen-2-yl)thieno[3,2-b]thiophen-2-yl)-[2,2′-bithiophen]-5-yl)ethan-1-aminium (TT);40 4-12, 2-(4′-meth-
yl-5′-(6-(3-methylthiophen-2-yl)dithieno[3,2-b:2′,3′-d]thiophen-2-yl)-[2,2′-bithiophen]-5-yl)ethan-1-aminium (DTT);40 4-13, 2,2′-
([2,2′:5′,2″:5″,2‴-quaterthiophene]-5,5‴-diyl)bis(ethan-1-aminium) (AEQT);18 4-14, 2-((4,5a1-dihydropyren-1-yl)oxy)ethan-1-aminium;51 4-
15, pyren-1-ylmethanaminium (n = 1);19,61 4-16, 2-(perylen-3-yloxy)ethan-1-aminium;51 4-17, 3-(benzo[b]benzo[4,5]thieno[2,3-d]thiophen-2-
yl)propan-1-aminium;62 4-18, 2,2′-(1,3,6,8-tetraoxo-1,3,6,8-tetrahydrobenzo[lmn][3,8]phenanthroline-2,7-diyl)bis(ethan-1-aminium);63 4-19, 2-
(7-butyl-1,3,6,8-tetraoxo-3,6,7,8-tetrahydrobenzo[lmn][3,8]phenanthrolin-2(1H)-yl)-N,N,N-trimethylethan-1-aminium;64 4-20, 4,4′-([1,1′-biphen-
yl]-4,4′-diylbis(oxy))dibenzenaminium;23 4-21, (E)-1-(3-ammoniopropyl)-4-(2-(5-(4-(diphenylamino)phenyl)thiophen-2-yl)vinyl)pyridin-1-
ium;65 4-22, 2,2′-(1,4-dioxo-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-2,5(1H,4H)-diyl)bis(ethan-1-aminium).66 Others: O-1, 2-((6-ethoxy-
1,2,4,5-tetrazin-3-yl)oxy)ethan-1-aminium;67 O-2, polyaniline (PANI);68 O-3, poly(3-aminododecylthiophene);69 O-4, poly(1-phenyl-10-undecyn-
1-ammonium);70 O-5, poly(vinylbenzylammonium) (PVBA);71 O-6, 6-([2,2′-bithiophen]-5-yl)-1H-benzo[d]imidazol-3-ium (2TBIm);30 O-7,
polydiacetylene;20,72 O-8, N-methyl-2-(4-aminophenyl)fulleropyrrolidine.73
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Ligands with a two-ring structure can be obtained from one
step of a carbon−carbon cross-coupling reaction or a direct
modification on naphthalene. Overall, two-ring structures are
synthetically simple to achieve, and the corresponding OSiPs
usually adopt type I alignment. Naphthalene was incorporated
into perovskite structure as early as the 1990s, with the
observation of enhanced phosphorescence.24,49 Tuning the
length of the linker on naphthalene changed the penetration
depths of the ammonium head and affected the distortion of
inorganic layers (2-8, NMA; 2-9, NEA, etc.).24 For the
bithiophene-based organic ligands (2-1, 2T; 2-2, AE2T, etc.),
both DJ-phase and RP-phase 2D perovskites can easily
form.28,76 Gleaned from bithiophenes, a complete set of DJ-
phase perovskites with diammonium thiophene ranging from
two to five units (AE2T to AE5T)18,76,77 and a series of RP-
phase perovskite with monoammonium thiophene extending
from two to four units (3-1, 3T; 4-2, 4Tm)28,34,78 were
developed, as a longer chain length with similar cross section
did not interrupt the formation of 2D perovskites. Besides
thiophene backbones, biphenyl (2-10, BPMA; 2-11, PP,
etc.)52,53 or stilbene (2-14, SA; 2-15, FSA)54-based structures
are also reported. Incorporating a photoswitchable azobenzene
into a perovskite lattice is intriguing, but more fundamental

optical analysis is required to confirm the photoswitching
behavior.55,56

Further increasing the conjugation from two to three rings
could lead to a solubility issue and processing difficulties in
device applications. Therefore, ligands PPT (3-3) and PPT′
(3-4) were designed to have methyl groups to introduce
distortion and decrease the planarity between the aromatic
rings, and they showed excellent performance in LED device
applications.42 Initiated with a naphthalene-based organic
emitter,49 molecular engineering of conjugated three-ring
aromatics allowed photoluminescence management via doping
fluorophores into 2D perovskites. For instance, Khaoula et al.
observed enhanced luminescence after doping 10% NAA (3-6)
into a PEA2PbBr4 (PEA is phenylethylammonium) 2D
perovskite lattice.57 The increased fluorescence yield was
explained by the improved crystallinity or resonance between
Wannier and Frenkel excitons. The same doping strategy on
PEA-based 2D perovskites was also applied to 1,8-naphthal-
imide (3-7, NIA) and TTPhMA (3-9) for room-temperature
phosphorescence via triplet-state energy transfer.48,58,79

Based on a quaterthiophene skeleton, we recently designed
and synthesized a suite of mono-ammonia ligands aiming at
delicate 2D perovskite structural tuning and structure−

Figure 4. (a) Methods of 2D perovskite single-crystal synthesis. Adapted with permission under a Creative Commons CC-BY 4.0 license from ref
31. Copyright 2021 The Authors, published by John Wiley & Sons. (b) BA-based 2D perovskite single-crystal structures, n = 1−7. Adapted from ref
45. Copyright 2019 American Chemical Society. (c) 2T, 3T, and 4Tm-based 2D OSiPs single-crystal structures, n = 1−3. Reproduced with
permission from ref 87. Copyright 2023 Springer Nature. (d) 2D perovskite single-crystal structure analysis based on NH3 penetration and in-plane
and out-of-plane distortion. Reproduced with permission from ref 24. Copyright 2017 American Chemical Society. (e) 2D perovskite single-crystal
structure analysis based on parameters including N−I distance, equatorial Pb−I−Pb angle, and Pb−Pb distance. (f) Structural parameters of high-n
OSiPs based on 2T, 3T, and 4Tm. Reproduced with permission from ref 87. Copyright 2023 Springer Nature.
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property relationship investigation.28 Compared to the butyl-
ammonium (BA) ligand, the 4T ligand (4-1) can be
considered as a counterpart that transforms each individual
carbon to a thiophene ring. By adding methyl substituents to
break the planar stacking, 4T can be converted to a processable
version, 4Tm (4-2), with better solubility.28 Exploiting the
versatile 4Tm ligand, fundamentals like optoelectronics, ion
diffusion in heterostructures, and applications including solar
cells, FETs, thermoelectric devices have been demonstra-
ted.34,37,41 Derived from 4Tm molecules, BTm (4-3) with a
2,1,3-benzothiadiazole unit and 4TCNm (4-5) with electron-
withdrawing cyano groups were synthesized. Especially, BTm
revealed a narrow band gap and formed a reversed-type I
alignment with [PbI6]4−.38 Replacing the central thiophene
with thienothiophene or dithienothiophene imparted the new
ligands TT (4-11) or DTT (4-12) to become highly planar
structures, which allows a variety of intermolecular inter-
actions, facilitating the nucleation kinetics.40 Changing the
central thiophene to selenophene (4-4, STm) is also
synthetically feasible while the properties remain similar.33

Adding ethyl side chains or increasing the number of methyl
groups (4-6, 4Te; 4-7, 4Tdm) modulated the solubility and
the lattice strain of OSiPs, which brought a macroscopic
variation of surface morphology in 2D/3D perovskite
heterostructures.59 Halide functionalization (4-8, F4Tm; 4-9,
Cl4Tm; 4-10, Br4Tm) was achieved on the terminal
thiophenes via halogenation, allowing a fine-tuning of energy
levels.60 Other functionalities like aggregation-induced emis-
sion (4-21)65 and donor−acceptor−donor (4-22)66 config-
uration can also be integrated into the large fused ring.
Further increasing the number of aromatic rings in the

ligands results in the creation of 2D OSiPs with embedded
polymers. Besides the aforementioned polydiacetylene,20,72

polymers like polythiophene,69 polyaniline,68 polyacety-
lene,20,72 and polystyrene71 with ammonium groups have
been reported as interconnected organic spacers in 2D
perovskite lattice. Polymer-based OSiPs reveal enhanced
mechanical strength and stability. However, it remains
challenging to obtain polymer-based OSiP single crystals, and
current studies are limited to thin films. Meanwhile, the
condition used for initiating polymerization requires sophisti-
cated control to make it compatible with less stable perovskite
materials (e.g., intense heating or UV light should be avoided).
Head groups composed of secondary or tertiary amine are also
allowed, but the crystal structure is strongly influenced to
accommodate them in the inorganic lattice. For instance, a 2D
perovskite crystal structure is formed when 2TBIm (O-6)
binds to the relatively small [SnI6]4− octahedron, while a 1D
perovskite is formed as a thermodynamically stable phase when
switching from Sn to Pb.30 Instead of increasing the conjugated
backbone, a recently reported one-ring tetrazine (O-1)-based
2D perovskite also demonstrated a type II electronic structure
with suppressed photoluminescence.67

2.2. 2D OSiP Synthesis. 2.2.1. n = 1 2D OSiP Crystal
Growth. While different conjugated ligands with varying
molecular structures have been designed, it is imperative to
verify how these conjugated ligands are structurally incorpo-
rated into 2D perovskites. It is necessary to acquire crucial
information about how variations in these organic moieties can
affect the active inorganic layers in between, leading to
alterations in the semiconducting and optoelectronic proper-
ties of 2D perovskites. Thus, resolving the single-crystal
structure of 2D perovskites is an important first step in terms

of defining how incorporation of conjugated ligands can
ultimately lead to desirable properties. There are many
different methods to obtain single crystals with varying
qualities and sizes, from atomically thin nanocrystals to
millimeter-scale bulk crystals. Depending on the purpose of
the crystal synthesis, the crystallization means can be carefully
chosen. As facile synthesis of nanocrystals maybe preferred for
heterostructure construction or thickness-dependent analysis
due to their uniform shapes and ultrathin nature, bulk single-
crystal synthesis with longer growth duration may be suitable
for single-crystal X-ray diffraction analysis or other processes
that may require higher crystallinity.
Figure 4a illustrates four widely utilized methods to realize

high-quality 2D perovskite bulk single crystals. The common-
ality between them is the use of the solubility difference across
different temperatures or solvent compositions. Slow-cooling
crystallization is the most universal as well as the earliest used
method, being employed in the beginning stages of
investigations regarding 2D perovskite crystals carried out by
Mitzi et al. in the mid-1990s.80,81 This method involves the use
of concentrated aqueous hydroiodic acid solutions of
precursors that are typically LX/LX2 and BX2 for a 2D
perovskite with a formula of L2BX4 or LBX4. In aqueous acidic
solutions, 2D perovskites usually possess a solubility curve
which increases with higher temperature. Thus, the general
process initially involves dissolving all the precursors in
solution with sufficient heating until it becomes a transparent
yellow solution. Then, the solution is slowly cooled at an
appropriate rate through an oil bath or a Dewar flask until it
reaches room temperature, yielding high-quality bulk single
crystals.
However, due to the acidic and aqueous nature of the

solvent system, the slow-cooling method poses a challenge for
incorporating conjugated ligands, which are relatively less
soluble in aqueous solution compared to conventionally
utilized organic moieties. Thus, antisolvent diffusion crystal-
lization provides another solution to incorporate conjugated
ligands into 2D perovskite single crystals. This method takes
advantage of the change in the solubility of 2D perovskites
with respect to the shift in the composition of organic solvents.
N,N-Dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), and γ-butyrolactone (GBL) are typically used as
good solvents, while chlorobenzene, diethyl ether, and toluene
are chosen as antisolvents. As demonstrated by Tian et al., this
general method involves the dissolution of the precursors in a
small vial which is inserted into a bigger vial filled with an
antisolvent.82 With time, the antisolvent vapor diffuses into the
smaller vial, triggering the precipitation of 2D perovskite
crystals once the solution reaches a supersaturated state, as
shown in Figure 4a.
Besides the two methods mentioned above, crystallization

through controlled evaporation has also been used to realize
(PEA)2PbBr4 crystals, as demonstrated by Zhang et al.83 This
process requires careful control of the evaporation speed to
limit the extent of nucleation as well as maintain prolonged
growth of single crystals to realize millimeter-scale crystals.
Lastly, inverse-temperature crystallization utilizing solvent
systems that possess decreasing solubility with higher temper-
ature has also been employed by Liu et al. to synthesize high-
quality single crystals of (PEA)2PbI4.

84 Both methods are
illustrated in Figure 4a and typically involve the use of organic
solvents, unlike the slow-cooling method.
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2.2.2. High-n-Number 2D OSiPs’ Growth and Properties.
Although multiple previous studies have successfully produced
high-quality crystals of n = 1 2D perovskites utilizing the four
methods mentioned above, the high-n-number 2D (or “quasi-
2D”) perovskite growth method has been limited mostly to
slow-cooling crystallization. Starting from n = 1−4 BA-based
2D perovskite structures reported by Stoumpos et al., the field
has been able to resolve the single-crystal structures of 2D
perovskites up to n = 7, with the composition of (BA)2(MA)6-
Pb7I22, using the slow-cooling method reported by Mao et
al.85,86 Figure 4b shows all the resolved single-crystal structures
of 2D perovskites incorporating BA ligand from n = 1 to 7.45

Incorporating conjugated ligands into high-n 2D perovskites
has been considered a great challenge due to the limited
solubility of conjugated ligand precursors in aqueous acidic
solution, which is required for high-n-number crystallization.
To overcome this challenge, Park et al. was able to devise a
new solution system that incorporates alcoholic solvents to
modulate the overall polarity of the crystallization conditions,
aiding in the dissolution of precursors as well as helping the
growth process of single crystals.87 With careful control of the
alcoholic solvent composition depending on the extent of
hydrophobicity the incorporated conjugated ligands possess,
they were able to successfully obtain the single-crystal
structures of 2D OSiPs incorporating 2T, 3T, and 4Tm with
n from 1 to 3, as shown in Figure 4c.
Resolving single-crystal structures is just a starting point for

defining the structure−property relationship in 2D perovskites.
Understanding the effect of organic cations, especially
conjugated ligands, on the overall structure, especially the
inorganic part, is critical considering the hybrid nature of 2D
perovskites. As reported by Du et al., it is evident that the
extent of organic cation penetration can greatly alter the in-
plane and out-of-plane distortion among the inorganic
octahedra sandwiched between the two organic layers (Figure
4d).24 Figure 4e summarizes important parameters describing
the perovskite lattice and the organic cations, such as N−I
distance (parameter for organic cation penetration), equatorial
Pb−I−Pb angle, and Pb−Pb distance (parameter for in-plane
distortion). The Pb−I−Pb bond angle, as shown in Figure 4e,
is a structural indicator for distortion and is heavily influenced
by the NH3 penetration into the inorganic octahedral plane.
For the organic ligands incorporated in n = 1 2D perovskites,
BA and PEA show relatively low organic cation penetration.
Incorporating conjugated ligands greatly decreases the N−I
distance, signaling considerable protrusion of the organic
moieties into the inorganic layer. With more organic cation
penetration, the octahedral tilting in the inorganic slabs
increases. This trend shows the evident effect of conjugated
ligand designs on the overall structural rigidity as well as
distortion. With increasing n-number (Figure 4f), the structural
parameters approach those of their 3D counterparts, with less
distortion of the inorganic layer. With simultaneous modu-
lation of molecular design and dimensionality (n-number) in
2D perovskites, precise structural characteristics can be
achieved which may further translate into desirable properties
stemming from well-defined structure−property relationships.
2.2.3. Ligands That Cannot Form 2D Perovskites. As

stated, growing single crystals of 2D perovskites and resolving
the complete single-crystal structure can be challenging, as the
size of the crystals is small and their quality is always affected
by structural twinning, defects, and lattice softness. In addition,
the presence of bulky organic ligands in OSiPs makes single-

crystal cultivation even more difficult compared to other small
ligands. For example, the perovskite structure with fullerene
derivatives (O-8) has not yet been confirmed by single-crystal
X-ray diffraction. Only thin-film properties suggested the
formation of this OSiP.73 Instead of forming the desired
layered 2D perovskite structure, the formation of 1D chains or
0D clusters is sometimes inevitable.88−91 With regard to the
assembly of 1D versus 2D perovskite structures, Tremblay et
al. discussed 16 phenyl-ligand-based perovskite crystal
structures.92 They proposed that the formation of either
intramolecular hydrogen bonding between the ammonium and
substituents on rings or intermolecular hydrogen bonding
between neighboring ammoniums drives the structure toward
1D face-shared [PbI6]4− chains. When ammonium solely
interacts strongly with the [PbI6]4− octahedra, the 2D
perovskite structure is typically favored. Furthermore, the
preference of forming 2D or 1D structures is also hard to
computationally predict. Despite the simulation predictions of
the large NDIC2 ligand (Figure 5a) exhibiting a stable 2D

perovskite structure of (NDIC2)PbI4, the resulting crystals
were discovered to be 1D-chain structures or 0D clusters with
isolated [Pb5I16]6− octahedra under varying conditions.63,93

Interestingly, one of the 1D structures with (NDIC2)Pb2I6
formula forms a type II band alignment because the LUMO of
NDIC2 is lower than the CBM of [Pb2I6]2−.94 Pious et al. also
reported type II band alignment based on naphthalimide

Figure 5. Representative 1D perovskites that incorporate conjugated
ligands. (a) Single-crystal structure of (NDIC2)Pb2I6. Reproduced
with permission from ref 94. Copyright 2021 Royal Society of
Chemistry. (b) Single-crystal structure of (NIA-2)BiI5. Reproduced
with permission from ref 95. Copyright 2020 American Chemical
Society. (c) Single-crystal structure of (2TIm)PbI3·(DMF or GBL).
Reproduced with permission from ref 30. Copyright 2022 John Wiley
and Sons.
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(NIA-2) with strong π−π interaction inserted into the
bismuth-based zigzag octahedra (Figure 5b).95 Wudl et al.
first reported the tetrathiafulvalene (TTF) components and
discovered the radical cation state of TTF in the (TTF)Pb2I5
hybrid structure with semiconducting properties.96,97 Our
group initiated the use of nontraditional formamidinium,
imidazolium, and benzimidazolium as the head groups of
conjugated ligands to form OSiPs.30 But we found that the 2D
perovskite is weakly crystallized, and 1D perovskite crystals
often occur because the size of the head group is too large to
accommodate. New ligands such as 2TImI, with an imidazole
head group (Figure 5c), form a face-sharing [PbI6]4− chain
structure with the inclusion of solvent. Compared to 2D
perovskite, 1D/0D perovskite provides a perfect scaffold for
the study of broadband emission with self-trapped excitons,
enabling the study of transfer kinetics, conductivity, and
aqueous stability,89 as well as light-emitting device applications
with high photoluminescence quantum yield.98−100 Clearly, a
vast chemical design space exists for the 0D and 1D hybrids, as
both inorganic and organic components can be manipulated.
However, due to the lack of electronic coupling in a second or
third dimension, the charge transport properties of these
materials are usually inferior to those of 2D or 3D perovskite
materials.
2.3. Computational Prediction of 2D Perovskites. An

exciting aspect of 2D perovskites is their tunability due to the
relatively permissive size restrictions on organic ligands capable
of fitting within the lattice. Contrary to their 3D counterparts,
whose A-site cation size is subjected to the Goldschmidt
tolerance factor,101 to date, there are no definite rules
established on the size of the ligands in 2D perovskites except
that they cannot be too bulky to fit in the inorganic lattice or
too small, as that would favor the formation of other
dimension perovskites.12 Since the ligands relevant to OSiPs
tend to be large, it is critical to know the 2D perovskites’
structural information before spending tremendous efforts in

their synthesis. So far, there are only some empirical
observations of the factors that are conducive to 2D perovskite
formation: (1) The intramolecular hydrogen bonding of
ammonium can increase the size of the head group, which
makes the 2D structure less favorable.92,102 Conversely, it is
also reported that the intramolecular hydrogen bonding can
stabilize 2D perovskites by shortening the ammonium
penetration depth.51,103 (2) If the linker length is too short,
steric hindrance between the large conjugated moieties of the
OSiP ligand and the inorganic sheet disfavors 2D perovskite
formation. (3) The cross section of the ligand matters since 2D
perovskites are relaxed in the out-of-plane direction. The in-
plane structure still requires a small cross section to fit in the
“pocket” of [BX6]4− octahedra. Overall, despite continuous
experimental efforts in exploring new ligand designs for the
spacer cations, the number of synthesized structures is small
compared to the immense design space of OSiPs. This lack of
exploration creates opportunities to improve the understanding
of structure−property relationships, the aspects of organic
ligands that select for 2D-phase formation, and the ultimate
limits of ligand-tuned perovskite properties. Apart from a few
structural features, including metal−halide bond length and
spacer length, that have been revealed to be related to the band
gap, light harvesting, and device efficiency by experimental
research, most structural features remain unidentified.104,105

Although machine learning (ML) has been adopted for
property prediction in many chemical design applica-
tions,106−109 the lack of significant datasets has limited
applications for 2D perovskites. Nevertheless, simpler ML
models like random forests and support vector machines
(SVMs) have been used to show how ligand features influence
some properties. Wu and co-workers trained SVMs with an
experimental dataset of ligands (<100 from reported
structures) to predict the reactivity between amine passivators
and perovskites and the dimensionality of low-dimensional
Pb−I perovskites (Figure 6a).102,110 The models revealed that

Figure 6. (a) Workflow of machine-learning-assisted exploration. Reproduced with permission from ref 102. Copyright 2021 American Chemical
Society. (b) Band gaps of 2D hybrid halide perovskites calculated by density functional theory and predicted by the ML model. (c) Correlation
between band gap and metal−X−metal angle. Reproduced with permission from ref 111. Copyright 2020 American Chemical Society. (d)
Molecular dynamics simulation approaches for ligand−perovskite stability prediction. Reprinted with permission under a Creative Commons CC-
BY license from ref 116. Copyright 2023 The Authors, published by John Wiley and Sons.
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the steric environment around the nitrogen atom (steric effect
index), the H-donor count, the number of substituents on the
nitrogen atom, and branched isomers are the important
features in determining the amine’s reactivity with the MAPbI3
perovskite film out of 31 tested features. As for dimensionality
prediction, the steric effect index, eccentricity, largest ring size,
and H-donor count were identified as important features. A
model based on these features to predict the odds of forming
2D perovskites achieved a 79% accuracy. Marchenko et al. built
a database of experimentally investigated 2D perovskites,
which included 515 known compounds containing 180
different organic cations, 10 metals (Pb, Sn, Bi, Cd, Cu, Fe,
Ge, Mn, Pd, and Sb), and 3 halogens (I, Br, and Cl).111 Their
database was used to train a supervised ML model to predict
band gaps. The model achieved accuracy within 0.1 eV and
revealed that the predicted values of band gaps decrease with
increasing metal−X−metal angles (Figure 6b,c). Despite the
pioneering nature of these efforts, the chemical scope for
training and validating these models was narrow and cannot be
used at this point to elucidate the more general design
relationships of 2D perovskites. In contrast, several ML models
have been successfully trained to accelerate the finding of new
3D halide perovskites. Deep learning models, classical ML
models, as well as a high-throughput screening frameworks
have been developed to predict various electronic properties
and aid ligand design with well-discovered features.112−115 Lin
et al. recently published a molecular dynamics (MD)
simulation study of over 10k prospective OSiPs to establish
design rules for stable ligand incorporation (Figure 6d).116

Due to the ability of the ligands to relax across unit cells, they
found that ligands larger than the unit cell along one
dimension can still be accommodated in many cases and
that linker selection plays a critical role for several specific body
chemistries. These predictions were also experimentally
validated by the synthesis of novel ligands and the formation
of 2D perovskites.

2.4. 2D OSiP Structure−Property Relationships.
2.4.1. Optoelectronic Properties. 2D perovskites are consid-
ered intrinsic quantum wells, in which the inorganic wells are
separated by organic barriers with low dielectric constant at a
molecular scale.117,118 Therefore, the effective band gap can
exceed 2.5 eV, and the exciton binding energy increases to
more than 400 meV in Pb-based halide perovskites, due to the
quantum and dielectric confinement effects.119−121 Increasing
the n-number of 2D perovskites (as “quasi-2D”) increases the
well thickness and decreases the band gap. Intrinsically, the
metal center with different electronic band structures
contributes significantly to the band structure; for example,
Pb-based perovskite has a larger band gap compared with Sn-
based perovskite.122 The halides from Cl to Br to I with
hybridized p orbitals make the VBM shallower, and therefore
the band gap follows the trend of Cl > Br > I.17 Differently,
OSiP organic spacers with increased conjugation can provide
interband frontier orbitals, decrease the difference of dielectric
constant, and indirectly affect the band gap via lattice
distortion. In Figure 7a, we use AE1T molecules and 2T (2-
1) ligand to demonstrate a typical type I band structure, and
photoluminescence arises from the excitons confined within

Figure 7. Optoelectronic properties of OSiPs. (a) Energy scheme of a type I alignment, band structure of (AE1T)PbBr4 2D perovskite, and
photoluminescence of (2T)2PbI4 2D perovskite. (b) Energy scheme of a type II alignment, band structure of AE5TPbBr4 2D perovskite, and
photoluminescence quenching of (4Tm)2PbI4 2D perovskite. Reproduced with permission from ref 17. Copyright 2018 American Physical Society.
(c) Energy scheme of a reverse type I alignment, band structure of (BTm)2PbI4, and photoluminescence of (BTm)2PbI4 2D perovskite. Adapted
with permission from ref 28. Copyright 2019 Springer Nature. Reproduced with permission from ref 160. Copyright 2021 The American
Association for the Advancement of Science.
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inorganic layers. The organic part, with a large band gap, does
not influence the photoluminescence. In Figure 7b, AE5T and
4Tm (4-2) represent a typical type II band alignment, in which
the HOMO of the organic moieties is above the VBM of the
inorganic lattice or the LUMO of the organic moieties is below
the CBM, resulting in a staggered configuration. Charge
extraction can occur within the molecular scale of the
inorganic−organic interface with this type II energy alignment,
causing quenched photoluminescence. In Figure 7c, ligand
BTm (4-3) has been demonstrated to form a reversed-type I
alignment, in which the LUMO is below the CBM and the
HOMO is above the VBM. Therefore, in this case, only the
organic part contributes to the broad photoluminescence, with
fast energy and/or charge transfer from the inorganic lattice.
So far, to the best of our knowledge, only (BTm)2PbI4 and
(AE4T)PbCl4 have been reported to possess reversed-type I
alignment.18,28 OSiPs with a tunable quantum-well-like
alternating structure, whose band structure has been simulated
based on density functional theory including spin−orbit
coupling adjustment, were established by the Blum group,
and the results showed good agreement with experimentally
observed optoelectronic properties.17

2.4.2. Carrier Dynamics and Transport. Different types of
band alignment and steady-state optical properties lead to
differences in the charge separation, recombination, and
energy-transfer dynamics of OSiP materials, according to
time-resolved spectroscopy studies.123 As shown in Figure 8a,
(4Tm)2PbI4 reveals a bleach peak around 515 nm from
excitonic absorption. Based on the decay-associated spectra,
the time scale of excitonic decay is around 10 ps, which is
shorter than that of (BA)2PbI4 with a wide-band-gap BA
ligand, suggesting fast hole extraction from [PbI6]4− octahedra

to the 4Tm ligand (4-2). Moreover, the decay of the charge-
separated state in (4Tm)2PbI4 is observed to be longer than 1
ns (Figure 8b), demonstrating efficient interfacial charge
transfer and a long-lived charge-separated state in 2D OSiPs.
2D halide perovskites also exhibit anisotropic charge transport.
Typically, the in-plane conductivity with continuous inorganic
sheets is higher than that of the out-of-plane direction which is
composed of insulating organic barriers.124,125 In addition,
increasing the number of inorganic layers will enhance the
conductivity because of the decreased ratio of organic
constituents. Stupp and co-workers first studied the out-of-
plane conductivity on the 2D perovskite single crystals
incorporating large aromatic ligands (Figure 8c,d).51 Due to
the better energy alignment with the inorganic framework, the
as-formed 2D perovskites with perylene and pyrene revealed
higher out-of-plane conductivity compared to perovskites with
aliphatic spacers. In terms of the in-plane direction,
polydiacetylenes with in-plane conjugation networks have
been demonstrated to significantly increase the conductivity.72

Besides the J−V diode measurement that required electrodes
as current collectors, a contactless time-resolved microwave
conductivity measurement is widely used in 2D perovskite to
study the carrier transport.126−129 Combining the single-crystal
analysis and microwave conductivity measurement, it was
found that the Br4Tm ligand (4-10) with better organic layer
packing in crystal structures exhibited the highest conductivity
among all halogen-4Tms (Figure 8e).60 Conductive atomic
force microscopy is another technique that allows the mapping
of surface conductivity.130 As shown in Figure 8f, the 4-
fluorophenethylamine (F-PEA)-based 2D perovskite with
parallel slip-stacking has 10-fold higher conductivity than
PEA-based 2D perovskite with an edge-to-face packing.127

Figure 8. Carrier dynamics and transport of OSiPs. (a) Decay-associated spectra of (4Tm)2PbI4, based on global analysis of the transient reflection
spectra. (b) Schematics of charge separation and recombination of (4Tm)2PbI4. Reproduced with permission from ref 123. Copyright 2020 AIP
Publishing. (c) Out-of-plane conductivity measurement on 2D perovskite single crystals. (d) Comparison of the out-of-plane conductivity among
various organic cations. Reproduced with permission from ref 51. Copyright 2018 American Chemical Society. (e) Time-resolved microwave
conductivity measurement of 4Tm, F4Tm, Cl4Tm, and Br4Tm 2D perovskites. Reproduced with permission under a Creative Commons CC-BY
4.0 license from ref 60. Copyright 2023 The Authors, pubished by the American Association for the Advancement of Science. (f) Conductive
atomic force microscopy of 2D perovskite films based on F-PEA and PEA (n = 5). Reproduced from ref 127. Copyright 2019 American Chemical
Society.
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2.4.3. Stability. The moisture and thermal stabilities of 2D
perovskites are better than those of 3D perovskites due to the
organic spacers being bulkier and more hydrophobic than MA
and FA cations, leading to suppressed ion migration across the
organic barriers. OSiPs with typically longer conjugated bodies
can further enhance the moisture stability. In other words, the
use of bulky organic cations in OSiPs can be seen as a natural
addition to protective encapsulation layers. As shown in Figure
9a,b, compared to PEA2SnI4, which degrades within 1 day,
(4Tm)2SnI4 has its absorbance and photoluminescence
retained in air for up to 2 weeks. Accordingly, a
(4Tm)2SnI4-based FET device has its hole mobility largely
retained in air for up to 1 month, significantly ameliorating the
oxidation and hydrolysis problem of Sn-based perovskites.34,131

For lead-based OSiPs, the moisture stability can be monitored
by directly immersing thin films in water. Taking advantage of
its hydrophobic ethyl side chains, (4Te)2PbI4 was reported to
have excellent aqueous stability, and the films were stable even
after 8 weeks of water soaking (Figure 9c).59 Constructing
heterostructures offers another approach to study and analyze
the thermal stability of 2D perovskites (Figure 9d).78,132,133

The degradation of 2D perovskites originated from their “soft”
lattice, which allows anion diffusion. In the lateral hetero-
structures of (2T)2PbI4−(2T)2PbBr4, where the (2T)2PbI4 has
green emission and the (2T)2PbBr4 has its emission quenched,
no obvious interdiffusion of anions (I− and Br−) was observed
after heating. However, in the (BA)2PbI4−(BA)2PbBr4 lateral
structure, where (BA)2PbI4 has green emission and the central
(BA)2PbBr4 has blue emission, obvious blurriness can be
observed at the boundary after heating, accompanying a
significant change in the emission spectra. The anionic

diffusion has been quantified in both epitaxial and lateral
heterostructures of 2D halide perovskites.132,133 Therefore, the
anion diffusion is better inhibited using bulky organic cations,
while the increase in the n-number of 2D perovskites can
promote the anion diffusion. Zhao et al. studied the thermal
stability of diammonium ligands that form DJ-phase 2D
perovskite (Figure 9e) and observed from the temperature-
dependent X-ray diffraction patterns that the DJ-phase 2D
perovskite incorporating biphenyl diamines has better stability
than the RP-phase counterpart with single-ring phenylmethyl-
ammonium (PMA) cations.53 Fluorination of the diammo-
nium ligand (2-12, FPP) can further enhance the thermal
stability by improving crystallinity, while polymerization of the
4-vinylbenzylammonium (O-5, PVBA) forms 2D perovskites
with interconnected ligand 2D layers, enhancing the overall
rigidity and stability, evident from temperature-dependent
photoluminescence spectra and water soaking tests.71

3. DEVICE APPLICATIONS OF OSiPs
3.1. Application in Solar Cells. Due to the impressive

stability of 2D perovskites against ion migration and ambient
environment, this type of material has been adopted in the
structure of PSCs to address stability issues, either in
replacement of 3D perovskites or in combination with 3D
perovskites (Figure 10a). To address the charge-transfer issues
caused by incorporating organic molecules into the structure,
conjugated organic ligands recently have gained increased
interest. However, translating the OSiP concept from
fundamental studies into thin-film solar cell applications
requires decent adaptation and is still in its infancy stage.44

Figure 9. Stability of OSiPs. (a) Absorption changes of (PEA)2SnI4 and (4Tm)2SnI4 films upon storage in air or N2. Insets are pictures of the films
before (top) and after (bottom) storage in air for 1 month under daylight. (b) Photoluminescence changes of (PEA)2SnI4 and (4Tm)2SnI4 films
upon storage in air or N2. Insets are pictures of the films before (top) and after (bottom) storage in air for 1 month under UV light. Adapted from
ref 34. Copyright 2019 American Chemical Society. (c) Absorption changes of (4Te)2PbI4 films upon water immersion. Reproduced with
permission under a Creative Commons CC-BY 4.0 license from ref 59. Copyright 2023 The Authors, published by John Wiley and Sons. (d)
Optical and photoluminescence images of a (2T)2PbI4−(2T)2PbBr4 and a (BA)2PbI4−(BA)2PbBr4 lateral heterostructure. Reproduced with
permission from ref 78. Copyright 2020 Springer Nature. (e) Temperature-dependent X-ray diffraction patterns of PMA and FPP 2D perovskites.
Reproduced with permission from ref 53. Copyright 2021 American Chemical Society.
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The application of 2D perovskite in solar cells as light-
absorbing materials demands not only efficient charge transfer
but also desirable light absorption. To reduce the exciton
binding energy and increase the absorption spectrum range,
quasi-2D perovskites (n > 1) are normally employed in solar
cell devices, which also applies to the perovskites incorporating
conjugated ligands.66,127 Because there are already many
reviews discussing the strategy of controlling the orientation
and phase-purity of 2D and quasi-2D perovskite films based on
wide-band-gap ligands to improve the solar cell efficiency,43,44

we only focus on thin-film growth of perovskites incorporating

conjugated ligands. The characteristic features of these ligands
are their aromatic rings and a more rigid molecular packing
compared with aliphatic ligands. Adopting the concept of
molecular packing in organic semiconductor crystals, the
controllable packing of these aromatic molecules has initiated
the study of efficient charge transfers, modulated by the
fluorination of PEA.127 It has been further demonstrated that
the molecular configuration of F-PEA can influence the
crystallization process, determining the phase and orientation
of 2D perovskite thin films and subsequently impacting the
photovoltaic device performance.134 As aforementioned, more

Figure 10. OSiP-based solar cells. (a) Scheme of OSiPs incorporated in PSCs. (b) Left panel: chemical structures of organic ligands and schematic
crystal structure of 2D DJ perovskite. Right panel: HOMO and LUMO of the optimized 2D perovskites. Reproduced with permission from ref 47.
Copyright 2023 John Wiley and Sons. (c) Structure of the 2D/3D heterojunction containing a 4Tm ligand and the energy level scheme for efficient
charge transfer. Reproduced with permission from ref 41. Copyright 2023 John Wiley and Sons. (d) Energy level diagram of 4Tm and X4Tm 2D/
3D heterojunction, extracted from ultraviolet photoelectron spectroscopy; inset is the molecular structure of X4Tm, X = F, Cl, Br. Adapted with
permission under a Creative Commons CC-BY 4.0 license from ref 60. Copyright 2023 The Authors, published by the American Association for
the Advancement of Science. (e) Illustration of interface band alignment with band bending and charge transfer. (f) Current density−voltage
characteristics of pristine and ligand-2D-passivated PSCs. (g) Schematics and (h) results of 90° peel tests performed on perovskite/PTAA thin-film
samples with or without 4Te-2D. (i) Statistics of peeling tests for the 4Te and control samples. Adapted with permission under a Creative
Commons CC-BY 4.0 license from ref 59. Copyright 2023 The Authors, published by John Wiley and Sons.
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comprehensive aromatic moieties including naphthalene,
pyrene, and perylene have also been adopted in the formation
of 2D PSCs to achieve enhanced out-of-plane conductivity due
to both ligand packing geometry and reduced energy level
offset between organic moieties and inorganic layers.51

However, because of the intrinsically high exciton binding
energy of n = 1 2D perovskites, the as-fabricated solar cell
device with a PCE of 1.38% only acted as a proof-of-concept
demonstration. More recently, the conjugated ligands have
been developed from benzene to electron-rich thiophene rings,
and from RP phase to DJ phase.35,47,135 The sulfur atoms in
thiophene promote more delocalized valence π electrons,
resulting in higher charge mobility, which is a commonly used
strategy in organic semiconductors. The obvious orbital
coupling between thiophene and inorganic layers hence
enables the organic moieties to actively modulate the band
structure of halide perovskite and facilitates efficient charge
transfer between inorganic sheets.135 The DJ-phase perov-
skites, which feature bidentate bithiophene (2-4, BThDMA)
bridging the inorganic sheets as conducting wire, have been
shown to deliver high-PCE solar cell devices (Figure 10b).47

With the increase of the length of conjugated ligands, the
charge-transfer distance between the inorganic sheets will
increase, while the differences of the dielectric constants
between inorganic sheets and organic moieties will decrease.
Therefore, understanding the charge-transfer mechanism and
balancing the charge-transfer distance and energy barriers will
require more efforts in the future to unveil the principle of
building high-efficiency 2D PSCs with conjugated ligands.39

However, to construct the relationship of structure−property
performance, the quality of the thin films fabricated through
spin-coating needs to be considered, as the crystallinity,
orientation, and phase-purity are still key parameters for solar
cells. The increased conjugated length of the ligands will result
in the altered processability and ligand interactions from
conventional ligands. Currently, the modular nucleation and
growth process through solvent engineering allows control of
orientation and phase distribution of 2D perovskite thin films
with bithiophene ligands (2-1, 2T), although further efforts
will be needed to realize absolute control over more
complicated ligands.35

Besides employing 2D perovskites as pure light-absorbing
materials, the construction of 2D/3D heterojunctions has
shown greater potential in fabricating efficient and stable
PSCs.126,136,137 The principles of conjugated ligand design,
which have been applied to 2D PSCs, can also be adopted in
the fabrication of advanced 2D/3D heterostructures to
generate efficient devices. However, the newly generated
interfaces between 2D and 3D perovskites require proper
energy level alignment and interfacial geometric contact to
support charge transfer across the interfaces. Construction of
an interfacial dipole has been demonstrated through the design
of a conjugated aniline ligand to improve the energy alignment
and substantially deliver high-efficiency devices.138 The low-
dimensional structure can be extended from 2D to 1D, as some
innovative conjugated ligands cannot form stable 2D perov-
skites.139 However, to fully retain the potential of conjugated
ligands in 2D/3D heterojunctions, further tuning of the band
structure of conjugated ligands through molecular config-
uration to achieve controlled 2D/3D energy alignment is
required. It had been demonstrated that, with the small-band-
gap conjugated ligand 4Tm (4-2), which forms type II energy
alignment with the inorganic sheet in a 2D perovskite, the 2D

capping layers on the 3D surface can increase the VBM of the
3D perovskite surface and facilitate efficient hole extraction
(Figure 10c).41 To further reduce the energy level offset
between ligand and inorganic sheets in 2D perovskites,
halogen-4Tm ligands (4-8 to 4-10) were designed and
synthesized in a more recent study (Figure 10d, inset).60

Extracted from ultraviolet photoelectron spectroscopy, Cl4Tm
(4-9) reveals the smallest band-bending at the interface
between the perovskite and hole-transport layer, showing
efficient hole extraction and less electron accumulation (Figure
10d−f). Combined with significantly improved out-of-plane
conductivity, Cl4Tm-based PSCs delivered a champion
efficiency of 24.6%, demonstrating the highest performance
among poly(triarylamine) (PTAA)-based n-i-p PSCs.
In terms of interface contact, the 2D OSiP interlayer

composed of side-chain-modified 4Te ligands (4-6) improved
the interfacial adhesion with the PTAA hole-transporting
layer.59 Mechanical peel tests showed that 4Te passivation with
conformal 2D/3D heterostructures exhibited twice the peel
force, which is attributed to enhanced π−π interactions
between conjugated ligands and aryl-based PTAA (Figure
10g−i). The perovskite devices employing a uniform 4Te-2D
coating yielded an exceptional 23.7% PCE, along with excellent
stability under heating and in an ambient environment.
The development of 2D perovskites incorporating con-

jugated ligands in PSCs is still in the initial stage. Although the
rigidity of conjugated ligands has exhibited significant
suppression of ion migration under heat stimulus and
inhibition of moisture penetration through ligands, the stability
of solar cell devices under operational conditions has not yet
revealed outstanding performance that can compete with that
of existing commercial solar panels. As such, the stability of the
OSiPs under electric bias and light illumination requires
further investigation. In addition, most of the 2D perovskite
structures with conjugated ligands possess distorted inorganic
octahedra, which may be arguably a potential problem for solar
cell devices. Therefore, the design and implementation of
conjugated ligands that create minimal lattice distortion will be
the direction to pursue for ideal 2D perovskites in PSCs.

3.2. Application in LEDs. OSiPs have also attracted
intensive attention in LED applications due to their out-
standing optoelectronic properties and improved stability
compared to their 3D counterparts.31,140−142 These distinctive
attributes are expected to bring the performance of LED
devices to the next level and eventually lead to their practical
applications. Over the past few years, great progress has been
made in the field of LEDs by employing alkyl-chain ligand
(e.g., BA)-based quasi-2D perovskites as emitters.143,144

Nevertheless, there is still a wide gap between quasi-2D
perovskite LEDs and state-of-the-art LEDs, including organic
and quantum dot LEDs, in terms of both the external quantum
efficiency (EQE) and stability. The major hurdle behind the
gap is that the alkyl-chain ligands in perovskite LEDs are
typically insulating and soft, which could potentially prevent
charge injection and limit the stability of the inorganic
perovskite lattice. However, it becomes promising to tackle
this challenge if the soft alkyl-chain ligands are substituted by
bulky conjugated ligands to form OSiPs. This may benefit the
charge injection, owing to the semiconducting nature of the
conjugated ligands, and enhance the intrinsic stability due to
the augmented rigidity of the perovskite lattice. The simplest
conjugated ligand, PEA, has been intensively investigated to
fabricate quasi-2D OSiP LEDs, yet with limited success in
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promoting the device performance to a commercialization level
because of its relatively wide band gap and insufficient
bulkiness.141,145−149

Initial attempts using much bulkier ligands were based on 1-
naphthylmethylammonium iodide (NMA, 2-6), which can
facilitate the formation of self-organized multiple quantum
wells with cascade energy transfer, resulting in a peak EQE of
11.7%.140 Later on, Liang et al. designed and synthesized a
series of novel molecular passivators, e.g., phenylimidazolium
iodide, to passivate defects by forming low-dimensional
perovskite phases on the 3D perovskite surface, demonstrating
perovskite LED devices with improved thin-film quality and
15.6% EQE.36 To further shrink the band gap of organic
ligands and expand this idea to devices, Wang et al. developed
a new Sn-based 2D perovskite LED device incorporating a
semiconducting ligand, BTm (4-3), which has a molecular
band gap very close to that of inorganic [SnI6]4− perovskite
lattice.38 This molecular engineering approach results in
strongly confined 2D organic−inorganic hybrid quantum
wells (HQWs, inset in Figure 11a) with type I alignment
featuring an improved charge transport property and enhanced
stability (Figure 11a).
Utilizing femtosecond transient absorption spectroscopy, the

energy transfer from semiconducting ligands to the perovskite
lattice was observed to be faster than the intramolecular charge
transfer in the organic layer. The faster energy transfer suggests
that there is no additional energy loss in organic semi-
conducting ligands during carrier injection into the inorganic
lattices. On this basis, red Sn-based OSiP LEDs were

demonstrated with high color purity and a peak EQE of
3.33%. Importantly, the LEDs showed exceptional operational
stability of about 104 min (>150 h) lifetime at an initial
luminance of 40 cd m−2, which made them the most stable Sn-
based OSiP LEDs reported at that time. In 2021, Chen et al.
reported a polymer ligand (O-5, PVBA)-based OSiP
((PVBA)2PbI4, Figure 11b) with enhanced intrinsic stability,
flexibility, and lattice rigidity.71 These characteristics enabled a
reduced nonradiative recombination rate because of sup-
pressed electron−phonon coupling and enhanced carrier
mobility due to suppressed phonon scattering in OSiP films.
By incorporating this OSiP into a typical p-i-n LED
architecture, they achieved a maximum EQE of 23.2% and
enhanced operation stability with optimal quantum well
thickness and compositions (Figure 11c). This work represents
a new strategy to improve the intrinsic stability and
optoelectronic properties of OSiPs. Recently, Wang et al.
innovatively designed and synthesized a novel bulky organic
ligand, PPT (3-4, Figure 11d), in which a 90° dihedral angle
resulting from two methyl group substituents can lead to the
occupation of more free space between ligands.42 Concom-
itantly, ion migration across the organic ligand layer was largely
inhibited based on MD simulations (Figure 11e). Benefiting
from the suppressed ion migration, the authors were able to
control the n-phase within a much narrower range, resulting in
dramatically improved optoelectronic properties of the quasi-
2D OSiP thin films. Using femtosecond transient absorption
spectroscopy, they demonstrated much faster energy-transfer
dynamics than general cases with broad-phase distribution,

Figure 11. OSiP-based LEDs. (a) Stability of the LED device based on OSiP hybrid quantum wells. Insets (from left to right): single-crystal
structure of (BTm)2SnI4; the configuration of the LED device; an image of a working device; chromaticity coordinates of the electroluminescence
emission from OSiP LEDs. Reproduced with permission from ref 38. Copyright 2021 American Chemical Society. (b) Single-crystal structure of
(PVBA)2PbI4 OSiP. (c) EQE of LED devices made from different ligands. Reproduced with permission from ref 71. Copyright 2021 John Wiley
and Sons. (d) Molecular structure of PPT with a dihedral angle of 90° between two phenyl rings. (e) Molecular dynamics simulation of anion
migration in (PPT)2PbI4. (f) EQE versus current density curves of OSiP LEDs based on different ligands (TEA is thiopheneethylammonium). (g)
Electroluminescence spectra of a PPT-based LED under different driving voltages; the inset is an image of a working device. Reproduced with
permission under a Creative Commons CC-BY license from ref 42. Copyright 2023 The Authors, published by Springer Nature.
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proven to be advantageous in reducing defect-related non-
radiative recombination. As a result, the as-fabricated highly
efficient deep-red LED devices revealed a peak EQE of 26.3%
(Figure 11f) and extraordinary wavelength stability (Figure
11g) and tunability. Through judicious molecular design,
OSiP-based LED devices hold great potential in further
boosting the performance via addressing challenges related
with the defect passivation and balance of the electron/hole
injection.
3.3. Application in FETs. OSiPs are also emerging

candidates for FET applications due to their enhanced charge
transport capability originating from organic semiconducting
ligands.150 Meanwhile, the parallel growth orientation of OSiPs
on substrates enables them to work effectively in such lateral-
structured device configurations. As a benchmark material,
PEA-ligand-based (PEA)2SnI4 can be made into a very smooth
film, which exhibits a hole mobility of 0.15 cm2 V−1 s−1 but
with relatively poor device stability.3,34,151−153 In sharp
contrast, Gao et al. replaced PEA with a narrow-band-gap
quaterthiophene-based organic ligand, 4Tm (4-2), to obtain a
new type of OSiP ((4Tm)2SnI4, Figure 12a) with significantly
strengthened ambient and thermal stability.34 The enhanced
charge transport of the 4Tm ligand and increased grain size in
the OSiP film (Figure 12b) resulted in FET devices with
reduced hysteresis and near 10-fold enhancement in hole
mobility (2.32 cm2 V−1 s−1, Figure 12c). By further extending
the conjugation length of the organic ligand into the
thienothiophene-based TT (4-11) ligand, Liang et al. reported
Sn-based 2D perovskite thin films with larger grain texture
(∼50 μm, Figure 12d,e).40 The mechanism of grain growth has
not been fully elucidated yet, but it was suggested that the
stronger intermolecular interactions from fused thiophene
rings are considered the major factor in controlling the
nucleation and crystallization, leading to highly ordered
crystalline structures and extremely large grain sizes in OSiP
thin films. Consequently, the authors demonstrated high-

performance FETs with hole mobility up to 9.35 cm2 V−1 s−1

(Figure 12f), ON/OFF current ratios higher than 105, and
excellent stability and reproducibility. Though the develop-
ment of perovskite FETs is lagging behind the surge of
perovskite photovoltaics, the use of OSiPs opens up a new
direction that offers possibilities in modulating ion diffusion,
defects, charge mobility, hysteresis, and stability of FETs via
molecular engineering and mesoscopic crystallization control.

4. OUTLOOK
In this Perspective, the concept, brief history, and recent
developments of OSiPs have been discussed. We focused on
the molecular design, crystal growth, and fundamental optical
and electronic properties of this fascinating family of materials.
Several key features, including energy landscape management,
efficient charge transfer, superior conductivity, and enhanced
stability, make OSiPs very promising for a variety of device
applications, including but not limited to solar cells, LEDs, and
FETs. Many of these aspects are still in their infancy,
accompanied by both challenges and new opportunities. In
this section, we discuss possible future directions of OSiPs,
spanning rational ligand design, novel functionalities, and
advancing device performance, as well as some reverse
thinking�utilizing a perovskite lattice to template organic
materials.

4.1. Rational Design and Synthesizability of 2D
OSiPs. The limited exploration of ligand chemistries creates
opportunities for innovation and a need for design rules to
guide exploration. Most exploration has been focused on
varying aromatic moieties and linker length, but other aspects
of the ligands bear investigation. First, side chains on the
aromatic bodies can modulate physical properties (e.g.,
solubility and hydrophobicity) that affect perovskite properties
(e.g., environmental stability and ligand organization). In
particular, functionalizing the non-ammonium terminal group
can induce new interlayer interactions that compete with the

Figure 12. OSiP-based FETs. (a) Single-crystal structure of (4Tm)2SnI4 OSiP. (b) SEM image of a 4Tm-based OSiP film. (c) Transfer
characteristics of BG/TC FET devices based on (4Tm)2SnI4 OSiPs. Reproduced with permission from ref 34. Copyright 2019 American Chemical
Society. (d) Single-crystal structure of (TT)2SnI4 OSiP. (e) SEM image of a TT-based OSiP film; inset is the PL image. (f) Transfer characteristics
of BG/TC FET devices based on (TT)2SnI4 OSiPs. Reproduced with permission from ref 40. Copyright 2021 American Chemical Society.
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ammonium bonding interaction with the inorganic lattice. In
addition, small structural variations in ligands may influence
the overall structural distortion and affect the corresponding
optoelectronic properties of OSiPs. Second, new ligand design
may lead to novel crystal structures beyond the existing RP, DJ,
and ACI phases or the ability to control 2D phases with
intermediate n-numbers. For example, recent work has shown
that ligand selection can modulate the distribution of layer
numbers in RP-phase films, but the general design rules and
limits of this influence remain unknown.42 Third, it could be
promising to modulate the control of crystal rigidity, ion
diffusion, and electron−phonon coupling via molecular design.
For instance, rigid fused-ring conjugated moieties may
translate the molecular stiffness into the inorganic framework
and further influence the polaron formation, charge transport,
and light emission properties. Finally, these explorations would
be greatly accelerated by computational modeling and
machine-learning models that could focus precious synthetic
efforts. Synthesizing a conjugated ligand is a demanding
process that usually requires several steps and isolation
procedures to obtain products with high purity. Besides the
work of predicting 2D perovskites using ML models reported
by Lyu et al. and Lin et al.,102,116 it is of interest to extend the
current chemical scope with diverse structural combinations
and scrutinize the structure−property relationships between
ligands and the resulting 2D and quasi-2D perovskites.
4.2. OSiPs with Novel Functionalities. Currently, only

type I and II band alignments have been realized at the
organic−inorganic interface within the OSiP crystals. To
implement spontaneous charge transfer and electrical doping,
the type III−broken gap configuration is also desirable but has
not yet been realized. In this regard, exotic ligands with extra-
strong donor/acceptor moieties154 may be designed for the
construction of OSiPs with type III band configuration.
Moreover, designing ligands with these characteristics provides
opportunities to realize a type II alignment in high-n 2D
perovskites. Doping of organic semiconductors is a well-
established but still active area of research, and much can be
learned from existing literature.155−157 However, an important
question is whether these doped molecules are stable enough
and compatible with the normal perovskite crystal growth
conditions, which involve a polar solvent, mild heating, and
redox-active halide anions (also trace halide radicals). Syn-
thesis of a cationic version of such extremely strong donor or
acceptor molecules can be even more challenging.
Except for light and bias, mechanical stimuli may also be

used to manipulate the properties to realize new perovskite
functionalities. 2D OSiPs inherit the “soft” lattices from 3D
perovskites, which give versatile structural response and
“electronic compressibility”.158,159 Recently, Guo et al. applied
pressure to OSiPs, allowing the reconfiguration of band edge
state.160 A key finding is that the HOMO−LUMO gaps of the
organic semiconductor moieties are less “compressible” than
the VBM−CBM gap of the inorganic sheet. In other words, the
band gap shrinking of the inorganic layer with respect to the
pressure is much faster than that of the organic layer. As a
result, band alignment switching can be realized. For example,
for (BTm)2PbI4, a clean transition of band alignment from
reversed-type I to type II to type I was observed with increased
pressure, revealing an ON/OFF optoelectronic response.
Further directions can be focused on extending the scope of
perovskite materials under pressure gating, directional pressure

to specific crystal facets, and even combining additional
external stimuli such as bias or heat.161

4.3. Achieving Higher Quality Thin Films and Better
Device Performance. The applications of OSiPs in solar
cells, LEDs, and FETs are at the beginning stages. The
incorporation of OSiP into devices is expected to significantly
alter the charge-transfer properties and lattice stability, which
are critical to making new breakthroughs in device perform-
ance. However, there are still some remaining questions that
need to be answered before bridging the gap between
fundamental studies and device applications. First of all, the
bulkiness and unique intermolecular interactions of conjugated
ligands will result in different interactions with solvent and
[BX6]4− octahedra, in which they differ from the conventional
ligands during the fast crystallization process of film formation.
Therefore, extra efforts are needed to improve the quality of
thin films, including the thickness, morphology, crystallinity,
grain size, phase purity, and crystal orientation, through a deep
understanding of the ligands’ role in the crystallization process.
Second, to retain the full potential of OSiPs in device stability,
further investigation of the stability of OSiPs under operational
conditions is required. The rigidity and bulkiness of conjugated
ligands will suppress ion migration but will also introduce
lattice strains, which may change the degradation mechanism
under applied voltage, heat, and light. Thus, understanding and
addressing these processes will facilitate the design of stable
devices.
Besides these challenges, there are tremendous opportunities

that the OSiP structures can offer to current devices. For
devices with multiple layers, OSiPs can provide programmable
tunability for interface energy level alignment. For example,
achieving proper energy level alignment between the perov-
skite and electron-transporting layer (ETL) is challenging
through conventional 2D/3D heterojunction. However,
properly designed OSiPs with shallow LUMO ligands can
form n-type semiconducting materials, which can address the
energy alignment issue at the ETL/perovskite interface in
either p-i-n or n-i-p devices. Moreover, through judicious
ligand design, devices with OSiP materials can also enable
tunable affinity with an electron/hole transporting layer, which
are usually organic semiconductors. Therefore, the OSiP
interface layer can act as a bridge between the organic and
inorganic semiconductors via its bifunctional property. The
conductivity of OSiPs has been discussed based on crystal
structure and the packing geometry of organic molecular
layers, which is correlated with the device performance.
However, a fundamental understanding of electron delocaliza-
tion and carrier dynamics will facilitate the future design of
conjugated ligands for overcoming the conductivity barrier of
2D perovskites.

4.4. Inverse Templating�Using Perovskites to Con-
trol and Manipulate Organic Materials. At the current
stage, organic materials are usually designed to fit into the
perovskite lattices and impart their novel functionalities to the
2D perovskites, but the reverse, namely, using an inorganic
perovskite lattice to control the behaviors of organic molecules,
has been less explored. Specifically, the unique structure of 2D
perovskite lattices could serve as a template to guide the self-
assembly of organic materials, thus directing the construction
of large-scale and high-quality crystalline organic films for
optoelectronic applications. In addition, the inorganic lattice
could act as a matrix to weaken the intermolecular interaction
between organic molecules and help reduce or eliminate the
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aggregation-induced quenching effect that has troubled the
organic optoelectronics field for a long time. This strategy may
further boost the device performance of OLEDs and organic
lasers when considering improved photoluminescence quan-
tum yield of organic emitters after their incorporation into the
inorganic matrix. More importantly, organic emitters will
generate singlet and triplet excitons with a 1:3 ratio under
electrical excitation based on spin statistics. Triplet excitons are
typically not emissive and can also cause extra exciton losses in
devices via triplet absorption, triplet−triplet annihilation,
triplet−singlet annihilation, etc. Thus, by rationally designing
an inorganic perovskite lattice with suitable triplet energy
levels, it can be expected to quench the triplets or reharvest the
triplets in organic emitters for more efficient light-emitting
devices.
The challenges and possible future directions discussed

above are manifold, but they are still only based on a limited
understanding of the design rules and performance limits of
emerging OSiP materials and devices. We are confident that
the field will grow more rapidly soon and many new
opportunities will emerge. We hope that this Perspective will
have a positive impact on the community and inspire new ideas
and discussions in the near future.
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