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ABSTRACT 

Recently, organic semiconductor-incorporated perovskites (OSiPs) have emerged as a new 

subclass of the next-generation organic-inorganic hybrid materials. OSiPs combine the advantages 

of organic semiconductors, such as large design windows and tunable optoelectronic 

functionalities, with the excellent charge-transport properties of the inorganic metal-halide 

counterparts. OSiPs provide a new materials platform for the exploitation of charge and lattice 

dynamics at the organic-inorganic interfaces for various applications. This perspective article 

reviews recent achievements in OSiPs highlighting the benefits from organic semiconductor 

incorporation and elucidates the fundamental light-emitting mechanism, energy transfer, as well 

as band alignment structures at the organic-inorganic interface. Insights on the emission tunability 

are led towards a discussion on the potential of OSiPs in light-emitting applications such as 

perovskite light-emitting diodes or lasing systems. 
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Metal-halide perovskites are promising materials for the next generation displays,1–4 

photovoltaics,5–7 and radiation detection platforms8–11 due to their advantageous solution 

processability, carrier transporting efficiencies, and defect tolerance.12 The unique crystal structure 

of metal-halide perovskites has inspired exploration on the functional interface between inorganic 

lattices and organic building blocks, and thus led to a recent novel class of “Organic 

Semiconductor-Incorporated Perovskites” (OSiPs).13,14 OSiPs exploit the advantages of organic 

semiconductors in these hybrid materials such as their large design windows, enhanced carrier 

mobility, and tunable frontier molecular orbitals to aligns with the perovskite counterparts.  

The crystal lattice of metal-halide perovskites consists of corner-sharing metal-halide 

octahedrons stabilized by organic ammonium cations: in 3D perovskites having the general 

formula of ABX3 with B as the metal cation (Pb or Sn) and X as halides (Cl, Br, or I), A site cations 

are usually small-size organic methylammonium (MA), formamidinium (FA) or inorganic Cs. 

Although the choice of A site cations is limited, the grain boundaries of 3D perovskites could 

accommodate additional functional cations for defect passivation or grain-size control. 

3D halide perovskites could be further reduced to 2D and lower dimensional structures with the 

incorporation of bulkier organic cations/ligands, commonly referred to as LA. The widely explored 

Ruddlesden-Popper (RP) phase features the layered structures with the general formula of 

LA2An-1BnX3n+1 where a number (n) of inorganic layers are sandwiched between structure-

directing LAs, forming a characteristic multiple quantum-well (MQW) structure. As the size 

restriction is lifted in reduced-dimension perovskites, bulky organic semiconducting ligands with 

sophisticated structures and functionalities could be incorporated into the crystal lattices rather 

than merely at the grain boundaries.  

This perspective aims at drawing widespread attention to the benefits that organic 

semiconductors could bring to metal-halide perovskites with a special focus on the emission 

tunability of OSiPs and light-emission applications. We start from reviewing the recent progress 

in the OSiP regime to highlight the advantages of organic semiconductor incorporation. As the 

energy gap of organic semiconductors are largely reduced compared to insulating LA cations, the 

band alignment at the organic-inorganic interface and the resulted interfacial energy transfer (ET) 

mechanism needs to be well-elucidated and hence will be addressed extensively in this article. 

Afterwards, state-of-the-art light-emitting applications highlighting the potential of organic 

semiconducting ligands will be discussed. Our own understanding and perspectives on challenges 
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and future research directions are embedded at the end of each section to inspire next-generation 

researchers in this rapidly growing field. 

 

Advantages of Organic Semiconducting Cations 

    Figure 1 summaries the key structural features and advantages of OSiPs over conventional 

layered halide perovskite materials. Some of the key properties are briefly discussed in this section. 

    Enhanced carrier mobility and conductivity. One great advantage of organic semiconductors 

over insulating cations is their enhanced carrier mobility due to higher dielectric constants in 

conjugated systems. Despite the extraordinary in-plane conductivity in the metal-halide slabs, the 

out-of-plane carrier mobility of 2D layered perovskites are significantly limited by LA cations 

with wide energy gaps. In this regard, conjugated arene have been designed as LA s and exhibited 

enhanced out-of-plane conductivity to 10-4 S/m, which is orders of magnitude higher than that 

when aliphatic LAs were used.15 

 
Figure 1. A summary of key structural features and advantages of OSiPs. (bottom left) 
Reproduced with permission from ref 15. Copyright 2018 American Chemical Society. (bottom 
mid) Reproduced with permission from ref 26. Copyright 2019 American Chemical Society. 
(bottom right) Reproduced with permission from ref 36. Copyright 2020 Springer Nature. 
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Another important consideration of organic semiconducting cations is the tunability of their 

energy gap and frontier molecular orbitals, namely the highest occupied and lowest unoccupied 

molecular orbitals (HOMOs and LUMOs, respectively). The HOMO and LUMO energy levels of 

organic semiconductors could be brought close to the valence band (VB) and conduction band 

(CB) of metal-halide layers, respectively, resulting in improved charge injection into the 

perovskites as well as charge extraction.  

This idea has been exploited by incorporating oligothiophene based cations as passivators for 

the surface defects in 3D perovskite solar cells.16 While most surface passivation techniques 

introduce insulating small molecules to the interface between 3D perovskites and carrier 

transporting layers, they inevitably created an additional barrier hindering charge transport. 

Recently, a monoammonium conjugated cation named 4Tm has been developed based on modified 

quaterthiophene derivative envisioned by Mitzi et al. back in 1999.17 With a facile post-fabrication 

treatment, 4Tm halide salts could be anchored on the surface of 3D lead iodide perovskites to form 

2D perovskites in situ with a Type II band alignment to assist hole extraction. Enhancement in 

hole mobility, reduced interface recombination rate, and improved power conversion efficiency 

(PCE) from 19.9% to 22.0% were observed.16 

High carrier mobility in organic semiconducting passivators is meaningful as well in perovskite 

quantum dot (PQD) based light-emitting applications where a large content of surface capping 

ligand is needed considering the nm-sized PQDs. Consequently, carrier mobility in the capping 

ligands as well as inter-PQD electronic coupling need to be considered for the overall conductivity 

of the films. To this end, recent progress pointed to the efficient inter-PQD electronic interaction 

through ligand-ligand p-p interactions.18 

Environmental stability. Metal-halide perovskites are susceptible to degradation induced by 

light, moisture, or oxygen.19 Compared to 3D perovskites, 2D layered structures have reduced 

surface energy, higher formation energy, and intrinsic LAs to passivate their surfaces against 

environmental damage.20 However, this shielding effect from small organic cations are limited, 

which is particularly significant for Sn based perovskites that suffer from intrinsic poor stability 

due to the easy oxidation from Sn(II) to Sn(IV).21,22 More importantly, the potential of Sn-based 

perovskites is similar to or in some cases even higher than their Pb counterparts.23 For instance, 

MASnI3 single crystals have extremely high carrier mobility of up to 2,000 cm2V-1s-1;24 the low 
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thermal conductivity of Sn-based perovskites also makes them suitable for thermoelectric 

devices.25 

These characteristics imply the need for bulkier and more hydrophobic organic cations, which 

makes organic semiconductors competent candidates. Recently, 4Tm as LAs has been introduced 

to Sn-based perovskite field-effect transistors (FETs) which led to highly stable performances over 

several days compared to when small phenyl-ethylammonium (PEA) cations were employed.26 

This, together with the higher carrier mobility and hole conductivity of 4Tm cations, resulted in 

enhanced hole mobility up to 2.32 cm2V-1s-1. Similar strategies have been applied to stable LEDs 

with operational stability over 150 h.27 

Reduced ion migration and accessible heterostructures. The crystal lattice of metal-halide 

perovskites is considered soft and tolerant to defects, but this also facilitates ion diffusion 

predominantly through lattice distortion and structural defect sites.28 Consequently, hysteresis 

behavior29 and electrical poling effects30 are typically observed under device operation, reducing 

their operation lifetime and performance stability. Among the ionic species in perovskite lattices, 

halides have the lowest diffusion energy barrier compared with metal cations and organic cations, 

either A site cations or bulkier LAs.28 In 2D perovskites with layered structures, ion diffusion 

happens both along the lateral direction (i.e. within the perovskite layer)31,32 and vertically through 

the organic wells33,34. With the incorporation of bulkier organic semiconducting LAs with rigid 

backbone, it was observed that both vertical and lateral halide migration could be suppressed,28 

which could lead to enhanced operational stability when bias is applied. 

Reduced ion migration with organic semiconducting LAs has also been translated to accessible 

and stable vertical or lateral heterostructures based on 2D perovskites with sharp junction width 

and enhanced thermal stability.35,36 These platforms further inspired fundamental studies on the 

halide diffusion mechanism and kinetics through tracking the structural and compositional change 

across the heterostructure junctions.31,33 It has been recently discovered through these systems that 

halide diffusion through vertical heterostructures across bulkier organic layers follows a unique 

“quantized” layer-by-layer mechanism largely depending on the shielding effects of cations, which 

is distinct to the classic and more efficient concentration driven diffusion along the lateral 

direction.33 In addition, since organic cations become optically active due to their significantly 

reduced energy gaps, exciton interactions at the interface of 2D perovskite heterostructures, such 
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as the formation of charge-transfer excitons37 or interlayer excitons in general, could be studied in 

a more systematic manner under various band-alignment structures. 

The above-mentioned advantages make OSiPs interesting for fundamental materials chemistry 

and physics studies, as well as promising for a variety of device applications. Particularly, OSiPs 

are exciting for light-emitting applications because of their intrinsic quantum well structures, 

tunable band gap and exciton properties, and enhanced stability. In the following part of this article, 

we mainly focus on their optical properties and associated optoelectronic and photonic 

applications. 

 

Unique Optical and Optoelectronic Properties of OSiPs 

In OSiPs where organic semiconducting cations carry functional responsibilities, band 

alignment at the organic-inorganic interface predominantly determines the macroscopic charge 

carrier behaviors and optoelectronic properties. In this regard, 2D perovskites featuring MQW 

structures, close organic-inorganic interaction, and well-defined interface are ideal systems to 

discuss the band alignment, energy and charge transfer at the organic-inorganic interface. Before 

moving forward, the fundamental band structure and dissimilarity between organic and inorganic 

semiconductors needs to be elucidated. 

Band alignment and energy transfer fundamentals in 2D MQW structures. Metal-halide 

perovskites and inorganic semiconductors generally display continuous CB and VB consist of the 

combination of orbitals close in energy. The VB of hybrid lead-halide perovskites, for instance, 

consist mostly of halide frontier p orbitals with some lead 6s characters, while their CB dominated 

by lead 6p bands.38 In contrast to 3D perovskites, the exciton binding energy in 2D perovskites is 

considerable (𝐸!>300 meV)39 and thus excitons are formed spontaneously below the CB minimum 

upon photo-excitation and participate in the ET at organic-inorganic interfaces (Figure 2A, left). 

On the contrary, due to the lower dielectric constants and their weak intermolecular electronic 

coupling, organic semiconductors display discrete energy levels with their photophysical and 

optoelectronic characteristics largely determined by HOMOs, LUMOs, and nearest few frontier 

molecular orbitals (e.g. HOMO-1, LUMO+1, etc.). (Figure 2A, right) In addition, the low 

dielectric constants in organic semiconductors lead to the formation of distinct singlet and triplet 

excitons with even higher 𝐸! (as high as 1.5 eV).40 As a result, the lowest singlet and triplet states 

(S1 and T1, respectively) are deeply inserted into the energy gap. 
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Figure 2. Band alignment and energy transfer fundamentals in 2D OSiPs. (A) energy and 
band diagrams of inorganic metal-halides and organic semiconductors showing their 
dissimilarities: the former feature continuous bands while the latter have discrete energy levels due 
to weak intermolecular interactions. The singlet and triplet levels of organic semiconductors are 
shown as well. Archetypical band alignment structures between PVSKs and organic 
semiconductors are shown in (B), which was extended to a few imaginary cases in (C). (D) Recent 
realization of versatile band alignments with careful molecular design of organic semiconductors. 
Reproduced with permission from ref 41. Copyright 2019 Springer Nature.  (E) Band alignment 
switching in response to pressure. Reproduced with permission from ref 42. Copyright 2022 
AAAS. 

Due to the dissimilarity between organic and metal-halide layers, energy and charge transfer 

between these two entities and their band alignment needs to be cautiously discussed to account 

for the interactions between inorganic excitons, organic singlet, and triplet excitons. Direct photo-

excitation normally yields negligible triplet excitons due to their low transition dipole moment, 

and hence photo-generated triplet excitons rely on intersystem crossing (ISC) from singlet 

excitons, the mechanism of which depends on the spin-orbit coupling (SOC) between the orbitals 

involved.43 SOC constant is typical low in light elements-dominated organic semiconductors and 

hence singlet excitons are generally considered when discussing the interfacial ET in 2D quantum 
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well PVSKs. Hence, the band alignment at the interface is usually simplified to involve inorganic 

VBM, inorganic exciton level, the organic HOMO, and S1. (Figure 2A) 

While photo-excitation leads to fast formation of excitons, uncorrelated electrons and holes are 

injected into PVSKs in devices and thus charge transfer needs to be elucidated besides exciton-

mediated energy transfer. For instance, electron injection from organic LUMO to metal-halide 

could compete with organic exciton formation. Our further discussion on this matter is limited by 

the literature support and thus primarily focused on photo-excitation and ET.  

Conventionally when insulating or less-conjugated LAs are employed, Type I alignment at the 

organic-inorganic interface is expected with the HOMO and S1 of organic LAs deeply inserted 

into the VB and CB of inorganic metal-halide layers, respectively (Figure 2B-i). When organic 

semiconducting LAs with reduced energy gaps are incorporated, more efficient sub-ps ET could 

be achieved due to increased exciton wavefunction overlap at the interface (Figure 2B-ii).27 

Accordingly, high-lying excited states in organic semiconductors could participate in ET if 

energetically aligned with inorganic excitons, since this ultrafast ET is able to outcompete the 

exciton relaxation processes from higher-energy states to S144 or the formation of ICT states.27 

On a broader scope, the tunability of interfacial band alignment and subsequent light emission 

extend well-beyond traditional Type I with organic-to-inorganic ET. Type-II alignment allows the 

fast separation of bounded electrons and holes at the interface (within 10 ps, Figure 2B-iii),41 

making organic semiconductors promising multifunctional passivators for 3D perovskites to 

enhance carrier extraction efficiency.16 On the other hand when incorporating organic 

semiconductors with further reduced energy gaps, ET from metal-halide slabs to organic wells 

could be anticipated in “inverted” Type-I systems (Figure 2B-iv). As discussed later, they have 

become prominent platforms to explore the photophysics of organic semiconductors in the 

perovskite matrices. As expected, sub-ps fast ET has also been observed in these structures.41 

In addition, although its practical value has not been reported, Type-III or extreme Type-II 

alignments are theoretically plausible if the interfacial band overlap is eliminated and thus energy 

transfer is restricted (Figure 2C). This could be done by introducing strongly electron donating or 

accepting LAs or by using quasi-2D perovskites to reduce the inorganic band gap. These systems 

could potentially produce spontaneous charge transfer and / or white emission as a combination of 

both organic and inorganic luminescence. 
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Recent progresses have seen the energy level fine-tuning capability of organic semiconducting 

LAs in 2D OSiPs to meet the aforementioned band alignments with the benchmark oligothiophene 

derivatives (Figure 2D).41 This, combined with the reduced ion migration, has made OSiPs suitable 

platforms to create a wide-range of colorful lateral and vertical heterostructures with tailor-

designed band alignment across the sharp heterostructure junction.36 Furthermore, the band 

alignment at the organic-inorganic interface could be subject to shift in response to external 

stimuli, either through introducing photoswitchable organic cations45 or by engineering the soft 

lattice of metal-halide layer. For instance, pressure has been demonstrated as a facile tool to induce 

faster variation on the inorganic bang gap (~100 meV/GPa) compared to the energy gap variation 

in the organic well. The interfacial band alignment could be switched from Type I to II and even 

to inversed Type I (Figure 2E) upon applying external pressure, which could be used to fine-tune 

the band-edge state and charge-distribution at the organic-inorganic interface.42 This “pressure 

gate” strategy could be meaningful for futuristic optical switches and modulators.  

In summary, perovskites now possess functional and engineerable organic-inorganic interfaces 

and expanded tunability on their optoelectronic properties, both of which are activated by the 

incorporation of organic semiconductors with tunable structures and sophisticated functionalities.  

Harvesting organic triplet excitons in 2D quantum well PVSKs. Although light-element 

dominated organic semiconductors typically possess low SOC constants and ISC efficiency, 

interestingly in inverted Type-I structures, ET from metal-halides is able to bypass the singlet 

states and directly access organic triplet states.46 This mechanism requires close wavefunction 

overlap between organic triplet excitons and inorganic excitons and simultaneously high-lying 

organic S1 states, which is accessible in wide gap organic semiconductors possessing large singlet-

triplet energy gap (Δ𝐸"#). (Figure 3A) In reality, enhanced organic phosphorescence has been 

observed by Era et al. in 199847 using naphthalene-based LAs in 2D Pb-Br PVSKs. The ET 

mechanism has been elucidated later by Ema et al. in 200846 which revealed a Dexter-type ET 

(DET) route from the inorganic triplet excitons to organic triplet excitons driven by their 

wavefunction overlap. (Figure 3A) In detail, the rich vibrational levels of the naphthalene T1 state 

efficiently intakes energy from inorganic excitons. Once triplet excitons are formed from DET, 

they quickly relaxed to the lowest vibrational state within picosecond and thus back energy transfer 

could be prevented. The DET constant (𝜏$#) is exponentially dependent on the distance between 
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[PbBr4]2- slabs and the naphthalene core. When the distance was reduced to ~1 Å, 𝜏$# could be 

boosted below 30 ps-1 and the DET efficiency (𝜂$#) above 99%. (Figure 3A) 

 
Figure 3. Contemporary strategies to harvest organic triplet excitons in 2D OSiPs, which 
relies on direct energy transfer from inorganic excitons to organic triplet excitons (A) and could 
bypass low ISC yield in conventional organic semiconductors due to their high-lying singlet states. 
This efficient energy transfer is via the dexter pathway (A, right). Reproduced with permission 
from ref 46. Copyright 2008 American Physical Society. (B) Efficient organic phosphorescence 
could be achieved by doping phosphorescence LAs in optically inert counterparts (e.g. PEA). (C) 
Summary on the lifetime tunability and quantum yield of contemporary organic phosphorescent 
systems using perovskite as energy donor and host. Material systems based on naphthalene 
methylammonium (NMA) and naphthalene imide ethylammonium (NIA) LAs are highlighted. 

2D PVSKs have been further demonstrated as advantageous matrices to induce highly efficient 

organic room-temperature phosphorescence (RTP). On one hand, the efficient interfacial DET 

could bypass the usually low ISC yield in organic semiconductors. On the other hand, the 

crystalline perovskite matrix and well-ordered long-range LA packing conformation are able to 

suppress the intermolecular collision-driven non-radiative decay for organic triplet excitons.48 
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Highly efficient organic RTP with phosphorescence quantum yield (Φ%&) over 10% has been 

demonstrated by doping energetically suitable (i.e. sub-gap organic T1 and high-lying S1) 

phosphorescent cations into wide-gap optically inert LAs like PEA,49,50 which resulted from 

reduced exciton annihilation and aggregation caused quenching – commonly observed in densely 

packed chromophores (Figure 3B).51 The doping strategy also allows the incorporation of bulkier 

organic semiconducting cations and shorter alkyl ammonium chains to reduce the distance 

between phosphorescent cores and metal-halide slabs for efficient DET. 

Lifetime tunability of organic RTP could be achieved using 2D perovskite matrices through the 

choice of metal and halide elements and the subsequent external heavy atom effect. In detail, SOC 

of phosphorescent LAs is sensitive to the atomic size of elements in the inorganic layer through 

their electronic interference in the molecular orbitals of LAs.43,52 By replacing Br with lighter Cl, 

the RTP lifetime (𝜏%&) could be elongated from 100 to 102 ms.49 Figure 3C summarized the 𝜏%&  

and Φ%&  of organic RTP systems using 2D perovskite as host systems based on the recently 

published review.48 Further reducing the phosphorescence decay rate is achievable by replacing 

heavy Pb and exploring other lead-free metal halide structures, such as zinc53 or cadmium54 based 

2D structures. These strategies enable lifetime tunability of organic RTP from 2D OSiPs and 

hybrid metal-halide structures in the range of 100 ms to 1 s, while maintaining efficient Φ%& over 

10%.48 

However, current exploration on phosphorescent organic cations isn’t sufficient to push their 

RTP lifetime below the ms regime, which is crucial for their display applications where long-lived 

triplet excitons may induce device efficiency roll-off due to various exciton annihilation 

processes.55 This is because of the limited internal SOC of phosphorescent cations currently 

employed in perovskites. Recently, various molecular design strategies have been proposed to 

enhance the internal SOC of metal-free covalently bonded organic phosphors by exploring the El-

Sayed rule and introducing halogen56 or chalcogen57 heavy atoms, as well as exploiting the 

synergetic relationship of these two effects, realizing intrinsic phosphorescent lifetime as low as 

100 𝜇𝑠 .52,58 Triplet excitons were also harvested by means of thermally-activated delayed 

fluorescence (TADF) through a small Δ𝐸"# and the subsequent efficient reverse ISC channel,59 

which has led to even faster delayed emission with 𝜏%&  below the 101 𝜇s regime and highly 

efficient organic LEDs (OLEDs) with external quantum efficiencies (EQE) approaching 40%.60–

62 Incorporating these triplet emitting molecules as perovskite cations could potentially utilize the 
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external heavy atom effects from lead-halide slabs to further reduce their delayed emission lifetime 

and thus creating new hybrid display systems combining the solution processability of perovskite 

materials with the stability and large design window of organic semiconductors. 

 

Light Emitting Applications of OSiPs 

Perovskite light-emitting diodes (PeLED). PeLED employs organic cations as passivators for 

3D perovskites or as structural directing and functional LAs in quasi-2D structures. 

Conventionally, small insulating organic cations could be attached to 3D perovskites to achieve 

decreased surface defect density due to the in-situ formation of 2D perovskites (Figure 4A).1 

Molecular design descriptors for passivators have implied the need for sophisticated conjugated 

units back in 2018,63 where the effect of alkyl ammonium anchoring tail length, aromatic units, 

and fluorination were explored (Figure 4B). Long alkyl chain decreases the photoluminescence 

quantum yield (PLQY) of passivated 3D perovskites because of the surface steric hinderance that 

restricts a dense passivation (Figure 4C). Also, cations having phenyl moieties induced higher 

PLQY than aliphatic derivatives, while fluorinated passivators also led to enhanced PLQY due to 

the greater vacancy formation energy inherited from the high electronegativity of fluorine. 

Subsequently, various fluorinated passivating cations have been developed in more recent 

studies.64,65  

Recently, a series of semiconducting aromatic moieties were studied in perovskite passivators 

with expanded anchoring units.66 As combining phenyl and thiophene cores with anchoring tails 

of MA, FA and imidazolium (Im), six novel molecular passivators were devised and applied to 

MAPbI3-based PeLEDs (Figure 4D). The current density is similar for all samples with negligible 

leakage current below 2 V, however, the effect of cation passivation is clearly shown in radiance 

because passivators can reduce non-radiative recombination (Figure 4E). Finally, compared with 

thiophene-based cations, the phenyl core structure rendered devices with higher EQE, and the 

passivation effect of the anchoring tails is revealed in the order of Im, MA and FA (Figure 4F). 

Although these studies show that the conjugated derivatives can passivate defects, the benefits of 

semiconducting nature of the conjugated cation design were not fully demonstrated.  
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Figure 4. Passivating organic cations for 3D perovskites: towards sophisticated semiconducting 
moieties. (A) Time-resolved PL spectra of MAPbI3 perovskite films without (top) and with 
(bottom) butylammonium (BA) cations as passivators.1 (B) PLQY of perovskite films with various 
passivating organic cations.63 (C) Calculations for vacancy formation energy of fluorination effect 
and schematic diagrams for interface between passivating cations and perovskites.63 (D) Device 
architecture of a perovskite LED and molecular structure for various organic semiconducting 
passivators as well as (E) current density-voltage-luminescence and (F) EQE characteristic of the 
perovskite LEDs with these passivators.66 (A) Reproduced with permission from ref 1. Copyright 
2017 Springer Nature. (B-C) Reproduced with permission from ref 63. Copyright 2018 Wiley. (D-
F) Reproduced with permission from ref 66. Copyright 2021 Wiley. 

In quasi-2D PeLED, dimensionality defined as “n phase”, thickness of inorganic layers, can 

show a variety of luminescent properties due to the quantum confinement effect. However, control 

of n phase is a crucial issue because of undesired multi-n phase formation in quasi-2D perovskite 

layers. The inhomogeneity of n phase in quasi-2D perovskite films can induce low EQE and 

multiple emissive species in PeLED devices. In this regard, bulky conjugated LA cations are found 

to have additional benefits in terms of modulating thin film growth and regulating n-phase 

distribution. Conventionally, modified PEA derivatives were studied extensively as LAs in quasi-

2D PeLEDs. For example, naphthalene-based NMA and phenyl-butylammonium (PBA) have 

recently been studied as promising candidates. Quasi-2D PeLEDs using NMA as LA cations 

displayed high EQE over 20%.3,67–71 In another example, the emission wavelength of quasi-2D 

PeLED can be well-controlled with PBA cations.4,72–76 In addition, narrow phase distributions and 

reduced Auger recombination were observed in quasi-2D PeLED by incorporating fluorinated 
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PEA cations and inserting oxygen into their molecular backbone.77,78 Although fluorine was 

attached to the organic cation, its electron-withdrawing characteristics rendered a 150 meV 

reduction in the Eb perovskites, which is proportional to the rate of Auger recombination. Eb could 

also be engineered by insertion of non-cation accepting molecules into the Van der Waals gap.79 

These studies imply the need for more sophisticated cation design and functional group attachment 

to control the excitonic behavior of perovskites in PeLEDs. 

Very recently, Wang et al. designed a series of novel semiconducting LA cations featuring 

twisted bi-phenyl moieties with enhanced cross-section area and bulkiness. These derivatives were 

found to effectively regulate n phase separation by suppressing ion migration.80 As a result, small 

n phase of 1 or 2 and high n phase of over 8 were almost eliminated (Figure 5A-B). Suppressed 

ion migration and n phase separation lead to high EQE over 26% at a peak wavelength of 700 nm 

and enhanced operational stability. Utilizing bulky organic semiconductors to regulate the 

formation of quasi-2D perovskites should be an effective mean towards highly efficient quasi-2D 

PeLEDs.  

 
Figure 5. PeLEDs based on quasi-2D OSiPs. (A) Schematic diagram for “n” phase and 
molecular structures of four organic LA cations in quasi-2D perovskite with increasing bulkiness 
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from left to right; their capability to control n phase distribution and suppress high n phase 
perovskites after thermal annealing is characterized by absorption spectra and shown in (B).80  (C) 
A scheme of 2D perovskite lattice using BTm as LA cations and (D) the formation of MQW 
structure with near-perfect Type-I band alignment.27 (E) PL spectra of BTm2SnI4 and BTm2PbI4 
are compared to demonstrate the efficient energy transfer in the former system. (F) Molecular 
structure of a diammonium quaterthiophene LA cation and the crystal structure of the perovskite 
formed. (G) Electroluminescence (EL, solid line) and PL spectra (dashed) of the perovskite formed 
using this quaterthiophene LA cations.81 (H) PL spectra with and without an emissive organic 
molecule as the energy acceptor in a perovskite host.82 (A-B) Reproduced with permission from 
ref 80. Copyright 2023 Springer Nature. (C-E) Reproduced with permission from ref 27. Copyright 
2021 American Chemical Society. (F-G) Reproduced with permission from ref 81. Copyright 1999 
American Chemical Society. (H) Reproduced with permission from ref 82. Copyright 2018 Wiley. 

 

Finally, organic semiconducting LAs with tailored energy levels and band alignments can be 

used to improve charge transport and energy transfer in PeLEDs as demonstrated in the 

aforementioned Sn based PeLEDs using BTm as LAs. An EQE of 3.3% was achieved in n=1 

PeLEDs owing to the near-perfect Type I alignment and efficient ET from BTm to the inorganic 

well (Figure 5C-E). (Figure 5E). Alternatively, the inverted Type-I alignment with inorganic 

metal-halides as energy donors also led to meaningful structures in 2D perovskite LED, which has 

been proposed decades ago in 1999 (Figure 5F-G).81 In addition, instead of devising organic 

semiconducting cations, doping efficient organic emitters in a perovskite host can be developed to 

take advantages of OLEDs (Figure 5H), which could potentially expand the choices of organic 

semiconductor derivatives.82  

Lasing from halide perovskites. Similar to 3D halide perovskites,83–88 RP phase 2D perovskites 

are promising in the realm of nanolasers owing to their unique quantum well structures and 

enhanced environmental stability. In 1998, amplified spontaneous emission (ASE) was 

demonstrated for the first time with 2D perovskites, (PEA)2PbI4, at a cryogenic condition.89 Since 

then, ASE or lasing behaviors have been achieved with solution-processed RP phase quasi-2D 

perovskite thin films or microstructures.90–92 Nevertheless, multiple n phases with different 

bandgaps in the film inevitably resulted in cascaded exciton transfer from low n to high n species, 

where lasing emissions will eventually be originated from the high n species or even 3D 

components.93 
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Figure 6. Lasing from exfoliated RPP crystals. (A) Schematic diagram of the RP perovskite 
lasers engineered by the inorganic well thickness.94 (B) Lasing spectra of the RP perovskite 
microflakes for n = 3, 4, and 5 at 78 K. No lasing is observed from n = 2 species.94 (C) Temperature 
dependence of lasing thresholds for n = 3, 4, and 5 perovskites.94 (D) Schematic diagram of a 
(PEA)2(MA)n−1PbnI3n+1 system (n = 2 as an example).95 (E) The 𝜇-PL pictures of RPPs with n = 2 
(top), 3 (bottom) upon excitation by a 400 nm femtosecond laser above the lasing threshold at 20 K 
(scale bar 30 𝜇m).96 (F-G) 𝜇-PL spectra and corresponding log–log plot of integrated emission 
intensity of an n = 2 (F) and 3 (G) RP perovskite flake as a function of pumped density P.96 (H) 
Lasing spectra of perovskite flakes for n = 2 (left) and n = 3 (right) at 153 and 173 K, respectively 
(scale bar 5 𝜇m).95 (I) Lasing threshold as a function of temperature for n = 2 (black) and n = 3 
(red) flakes. The characteristic temperatures (Tc) are fitted.95 (J) The FWHM of spontaneous 
emission versus the inverse of temperature, 1/T, for the perovskite flakes with n = 1, 2, and 3. The 
coupling strength of exciton-LO phonons (ΓLO) is found to be 182, 51, and 35 meV for n = 1, 2, 
and 3 RPP flakes, respectively.95 (A-C) Reproduced with permission from ref 94. Copyright 2019 
Wiley. (D, H-J) Reproduced with permission from ref 95. Copyright 2022 American Chemical 
Society. (E-G) Reproduced with permission from ref 96. Copyright 2022 Wiley. 
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Recently, Liang et al.94 reported efficient lasing from homologous RP phase 2D perovskites, 

(BA)2(MA)n-1PbnI3n + 1 single crystalline thin flakes (Figure 6A), with wavelengths ranging from 

630 nm to 687 nm by increasing n from 3 to 5 (Figure 6B), respectively. Temperature dependent 

lasing characterizations reveal that the lasing threshold decreases exponentially as temperature 

decreases (Figure 6C), which can be well fitted by the equation: 𝑃'& = 𝑃'&,)𝑒#/#!+,. This could be 

ascribed to the suppression of thermally-activated nonradiative processes. For a specific 

temperature, the lasing threshold also decreases as n number increases, which is interpreted as a 

result from reduced exciton-phonon interaction in a high n-phase crystal. It should be noted that 

no lasing is observed from n ≤ 2 crystals even at a temperature as low as 78 K due to the stronger 

Auger recombination and exciton-phonon interaction in the lower-n 2D perovskites. Later, He 

et al.96 replaced the above large organic spacer cations, BA, with PEA (Figure 6D) and 

demonstrated multiexciton lasing from n = 3 and even n = 2 single crystals at low temperatures 

(Figure 6E-G). Very recently, Gao et al.95 further obtained two-photon pumped lasing emission 

from (PEA)2(MA)n-1PbnI3n + 1 single crystals with n = 2 and 3 (Figure 6H-J) under 800 nm laser 

excitation at low temperature (≤153 K). These results together suggest that bulky organic spacer 

cations play an important role in determining the lasing properties of single crystalline 2D 

perovskites. 

Although impressive progress has been made in achieving lasing from 2D perovskites, almost 

all the measurements were carried out at low temperatures.97 Based on previous reports, large 

organic spacer cations, for instance the bulky and organic semiconducting candidates, may be 

helpful to suppress exciton-phonon interactions or reduce Auger recombination.78,98 This may lead 

to lasing from 2D perovskites at higher temperatures or even at room temperature. In addition, due 

to unique organic-inorganic quantum well structures of 2D perovskites, they are expected to allow 

lasing from the organic moieties with inversed type-I band alignment by engineering the energy 

level of organic and inorganic layers separately.41 Moreover, considering the toxicity of lead 

element, further exploring Sn-based 2D perovskites for lasing application could also be an 

important subject.27,99 As shown in more recent works,100 this requires more delicate organic spacer 

cations design and fundamental insights of photophysics in 2D perovskites. 

 

Summary and future implications 
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OSiPs as a new subclass of organic-inorganic hybrid metal-halide perovskites joins these next-

generation materials with the long prosperous field of organic semiconductors, which emphasizes 

the exploitation on the organic-inorganic interfaces both from the design and tunability of 

inorganic metal-halides and organic cations. Tailor-designed organic semiconductors have been 

incorporated either on the surface of perovskites or as structure-directing cations, which has 

brought about considerable improvements on the stability and optoelectronic properties of these 

assembled systems as well as versatile novel interfacial band alignments and energy transfer 

mechanisms, inspiring the developments on futuristic light-emitting applications.  

This perspective was initiated from an overview of recent OSiP systems and their advantages. 

The fundamental band alignment and energy transfer diagrams at the functional organic-inorganic 

interfaces were then organized based on the dissimilarities between organic and inorganic 

components. The inversed Type-I alignment featuring organic semiconductors as energy acceptors 

has been emphasized in this section with a special focus on harvesting the triplet excitons from 

organic semiconductors. Despite the fact that OSiPs have been demonstrated as advantageous 

matrices in this regard, current investigations haven’t realized the full benefits of using perovskite 

matrices to enhance the emitting performances of organic semiconductors, especially triplet 

emitters. As the external heavy atom effects from lead-halide matrices could largely enhance the 

SOC efficiencies of organic cations, we anticipate that these hybrid systems could break the 

currently limited radiative recombination rate in organic triplet emitters. To further explore the 

inversed type I structure and the advantages of 2D perovskites as advanced matrices for organic 

semiconductors requires the design and incorporation of efficient organic phosphors or TADF 

molecules. 

Our discussions were followed by exploring the recent PeLED and lasing applications of OSiPs, 

which have implied the need for organic semiconducting cations to provide additional stabilities 

and charge transport efficiencies in devices. While recent reports in quasi-2D PeLED systems have 

suggested promising advantages from using bulky semiconducting cations to suppress the phase 

segregation issue and achieve boosted operational stability, their potentials have not been well-

elucidated in lasing systems or as passivators for 3D PeLEDs. On one hand, the versatile band-

alignment from the wide tunability of organic semiconducting cations could allow lasing from the 

organic moieties with inversed type-I band alignment. On the other hand, contemporary 

explorations on small-molecule passivators have pointed out the significance of functional group 
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attachment to tune the surface vacancy formation energy, or the capabilities to extend the 

anchoring cation choices. These preliminary exploitations have called for the continuous search 

for organic semiconductors with sophisticated functionalities and adaptable structures that allow 

us to establish blueprints for OSiPs with the optimal combination of properties to fit various light-

emitting applications. 
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