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Abstract 

Lead halide perovskites (LHPs) have been for a decade and still remain the rising stars in current 

materials science research. After ten years of incessant work, researchers have reached important 

results in LHP photovoltaics, overcoming the 24% power conversion efficiency threshold and thus 

closely approaching silicon performance. On the other hand, challenges are now open for finding 

other useful applications for LHPs, going beyond the prevalent use in low-cost solar cell technologies. 

To this goal, the multiple possibilities which can be explored rely on the modification of the lattice 

structure of LHPs, creating libraries of different compounds with different peculiar properties. In this 

review, we conducted a deep and comprehensive examination of the recent literature reporting on 

two main strategies for making alterations at the native LHP structure. We defined them, namely, the 

endogenous and exogenous strategies. The first one accounts for all the compositional engineering 

methodologies that were applied during the last 10 years for the internal modification of the LHP 

lattice, while the second one refers to the realization of nanocomposites, in which LHPs and other 

materials are combined together. The review encompasses historic, theoretical, spectroscopic, 
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electrical and technological contents, in order to provide a comprehensive starting point for defining 

a new era in LHP research. 
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1. Introduction 

Within the realm of green technologies, photovoltaics (PV) has reached a high level of technological 

readiness. Polycrystalline and thin-film silicon solar cells overcame 21% efficiency after two decades 

of thoughtful research and engineering, and nowadays they hold the largest share within the solar PV 

market.[1] Emerging solar technologies (i.e., the so-called third-generation solar cells)[2] are 

potential game-changers, which would decrease installation costs and redefine the entire economy 

and manufacturing of the PV market. However, these technologies are still struggling with low long-

term stability in terms of performances, i.e., a shelf-life for solar cells of some weeks compared to 

years for conventional silicon-based ones. Hence, more focused efforts are needed for third-

generation PV to be realistically competitive with silicon PV.  

Among these emerging PV technologies, perovskite solar cells (PSCs) gave a substantial new impetus 

to the field,[3,4] with the possibility of realizing tandem solar cells between perovskite layers and 

silicon thin-film devices. In a couple of years, the efficiency has surged from 21 to 28%,[4,5] that is 

to-date the record value for emerging PV and close enough to the junction Si theoretical limit (29%), 

by exploiting the two different solar light working window (the near-IR region with Si and the UV-

visible region with perovskites). Furthermore, given their peculiar photophysical properties, hybrid 

lead halide perovskites (LHPs), as the active components of PSCs, have transcended the PV field and 

brought innovation in other technological applications, ranging from light-emitting diodes 

(LEDs)[6,7] to light detection,[8] piezoelectrics,[9] thermolectrics[10] and photocatalysis.[11]  

The inherent defectivity[12] of the methylammonium lead iodide (MAPI) perovskite (a sort of 

benchmark material for LHPs), deriving from the hybrid organic-inorganic nature and being 

significantly higher than that of silicon (defects concentration of 1018 cm-3 for MAPI vs 1017 cm-3 for 

polycrystalline silicon and 1014 cm-3 for monocrystalline silicon) is the key limitation of these 

emerging PV materials. Theoretical and experimental works show that the energy traps due to lattice 
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disorder, placed inside the band gap and acting as charge recombination centers, oblige researchers 

to improve the crystalline quality of the material by passivating bulk and surface defects. 

One possible experimental strategy toward defects-control and engineering is to combine LHPs with 

other materials having peculiar characteristics and this goal can be achieved in two main different 

ways, as depicted in Figure 1): i) endogenously by compositional modification of the LHP crystal 

lattice and ii) exogenously by mixing LHP with other species into nanocomposites. 

 

Figure 1. Modification strategies for LHPs, as surveyed in this review. Endogenous and exogenous methodologies are distinguished 
and target applications for the modified LHPs are indicated. 

 
The first type of modification accounts for all the experimental approaches leading to variations in 

the MAPI crystalline structure, such as the use of different organic/inorganic cations (formamidinium, 

Cs), the use of various halides (iodide, bromide, chloride), the introduction of heteroatoms for 

chemical doping and the reduction of perovskite (PVK) dimensionality by introducing bulkier 



cations. Within the second type of modification, we include all the strategies to fabricate 

nanocomposites based on LHPs, i.e. by interfacing them with polymers, molecular materials or other 

inorganic/hybrid materials. 

Considering the nowadays tremendous impact of LHPs beyond the PV field (see Figure 1), the effort 

for coupling them with other material is crucial and will likely be the focus of PVK research in the 

upcoming years.  

Herein, we want to provide a comprehensive and thoughtful overview not only of these strategies but 

also of the physical and technological consequences arising when coupling LHPs with other 

materials. Indeed, this review will encompass and unify theoretical, spectroscopic, electrical and 

technological perspectives of LHP combination with other species, by highlighting in a critical way 

the most relevant examples present in the literature and discussing future perspectives.  

2. Endogenous strategies 

2.1. A short chronology of LHPs compositional engineering 

The paramount versatility of LHP chemistry depends largely on the intriguing properties of the PVK 

lattice structure. The general chemical formula of a PVK is ABX3, where A+ and B2+ are two 

positively charged ions (cations) and X- is a negatively charged ion (anion). The cubic phase is the 

hallmark of the PVK structure. Within this arrangement, a large A+ cation is contained in the center 

of a cube, on whose vertices are displaced eight B2+ cations. Moreover, each of these B2+ cations 

coordinate six X- anions in an octahedral arrangement. The Goldschmidt’s tolerance factor (t) 

establishes a geometrical criterion for defining the structural stability of a PVK structure for different 

combinations of A, B, and X ions, on an empirical basis. Notably, it can be used as an indicator of 

the distortion of the crystal structure:[13] 

𝑡 =
𝑟𝐴 +  𝑟𝑋

√2(𝑟𝐵 +  𝑟𝑋)
 . 

where rA, rB and rX are the radius of A-cation, B-cation and X-anion, respectively. 



For values of t in the 0.8-1.0 range, the structure of the PVK will be preferentially cubic. On the 

contrary, when t is higher than 1.0 or lower than 0.8, the PVK structure will be unstable, and other 

non-PVK structures will be formed.[14]  

The first organic cation used to build an LHP structure, in combination with Pb2+ and Br- or I-, was 

the methylammonium ion CH3NH3
+ (abbreviated to MA+).[15–17] As the size of the A-cation is 

increased, an expansion of the crystal structure and a decrease in the bandgap are expected, thereby 

gaining a  favorable red-shift  of the absorption onset:[18] for this reason, formamidinium 

[CH(NH2)2]
+ (FA+)[19] and cesium (Cs+) have been introduced.[20] However, experimental evidence 

shows that LHP materials with a single A-cation suffer from thermal and structural instability.[21] 

To overcome these limitations while at the same time optimizing the bandgap for the use in 

optoelectronic devices, mixtures of MA+, FA+, and Cs+ are used. For example, a mixture of MA+ and 

FA+ is used to boost the solar light harvesting within the active material having the theoretical formula 

MAxFA1-xPbI3. In addition, cations like Rb+ and Cs+ have been demonstrated to be useful tools for 

synergistically reduce defects and recombination losses, by improving the overall charge transport in 

the LHP.[22] The main issue to be resolved in this type of LHP architectures is to avoid the formation 

of the undesired δ-phase for FAPbI3 with poorer optoelectronic properties[23] and to obtain higher 

values for power conversion efficiency (PCE) in solar cells.[24] For this reason, other strategies were 

found to be more effective, such as the mixing between FA+ and Cs+ in CsxFA1-xPbI3-yBry, that 

improves both the thermal stability of the material and the bandgap.[25] After the double-A-cation, 

the triple-A-cations LHP with Cs+, FA+ and MA+ was further developed, as in a complex species like 

Csx(MA0.17FA0.83)1-xPb(I0.83Br0.17)3. By employing this formulation, the PCE of PSCs reached for the 

first time the outstanding value of 21.1%.[26] Finally, by introducing the fourth cation, Rb+, in the 

crystal lattice, the efficiency and stability of PSCs were further increased, and the performances 

remained stable for almost 500 hours during the continuous device operational activity.[27] 

For the purpose of this review, the metal B-cation considered will always be lead (Pb2+). It is worth 

mentioning anyway that, with a huge effort, the scientific community is trying to completely or 



partially substitute lead to produce lead-free or quasi-lead free PVK materials, possibly complying 

with RoHS, EWRA and other international directives on hazardous substances regulation.[28–34] 

Another very active field within the contest of LHPs compositional engineering is the improvement 

of structural stability via heteroatom doping, i.e., the substitution of both the A and B cations. 

Interesting results were obtained by doping LHPs with Mn and Sr elements, that also partially 

substitute Pb in the crystal structure in cubic CsPbI3.[35,36] In general, metal replacement induces 

significant changes in the chemical bonding effects and optoelectronic properties of LHPs. 

The X position is occupied by anions, usually halides. The possible halides are chloride (Cl-), bromide 

(Br-) and iodide (I-). In addition, a mix of the halides can be tolerated in the crystal structure and this 

is also a powerful strategy to tune the LHP band gap.[37] In a recent paper,[38] Zhu et al. have 

discussed the role of lattice strain in mixed cation/anion LHP structures generated after compositional 

separation/thermal stress[39,40] and caused by the chemical mismatch among the different 

constituents and the non-equilibrium growth conditions existing during film fabrication. This simple 

evidence notably highlights the importance of dealing with structural defects when discussing LHP 

properties: the presence of defects in the lattice can strongly alter the optoelectronic performance of 

a semiconductor due to their ability to trap photo-generated carriers and to promote non-radiative 

recombination processes, by leading to open-circuit voltage and efficiency losses.[41] The chemical 

nature of charge traps in this class of systems has been widely studied, mainly by spectroscopic and 

computational techniques. Spatially resolved PL experiments performed on polycrystalline films of 

MAPI showed that I-rich surfaces are less emissive than Pb-rich surfaces, suggesting that most of the 

charge traps form in I-rich portions of the LHP.[42,43] This result is also related to the study reported 

by Minns et al., who showed that high structural disorder in bulk MAPI is associated with iodine 

interstitials, through X-ray and neutron diffraction techniques.[44] 

Also, the interaction with external agents like oxygen represents an alternative path to doping in 

tuning the optoelectronic properties of LHPs. The exposure to low oxygen pressures improves 

reversibly the associated PLQY,[45–51] confirming a direct effect of passivation of the charge traps, 
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as will be deeply discussed further in the text. For the sake of completeness it is important to mention 

that X-ray photoelectron spectroscopy (XPS) experiments revealed the high tendency of MAPI to 

release MAI from the lattice through the formation of Schottky defects, such as VMA and VI, but also 

Pb metal clusters, with potentially harmful impact on the overall PL properties:[52] this indeed 

confirms the intrinsic low stability of the LHP lattice. 

To improve the stability of the LHP structure, also Eu3+ - Eu2+ ions were added, as redox shuttle 

additives, with the double aim of both oxidizing atomic lead and reducing molecular iodine, which 

acts as recombination and degradation centers. With the presence of europium cations, Wang et al., 

showed the possibility to reach up to 21% in the solar cell device with stable performances in the 

maximum power point tracking up to 500 hours.[53]  

Recently, post-synthesis processes aimed at passivating charge traps in pristine LHPs have also been 

carried out.[54–56] In these works, polymers, nano-composites and small molecules were added 

directly on the LHP layer to passivate the recombination centers, decreasing the non-radiative losses 

in LEDs and improving the performances of PSCs. These aspects regard anyway the strategy we have 

defined as exogenous and will be therefore discussed later in the text. 

Finally, if the A cation is big enough, the 3D LHP cannot form and the result is a 2D or a quasi-2D 

LHP structure. These kind of perovskites are usually more resistant to humidity[57,58] and can be a 

good solution to overcome the stability issues in PSCs. 

2.2. Theoretical framework: computational modelling of point defects  

From an experimental point of view, LHP doping strategies are commonly carried out by a trial and 

error approach, with prediction possibilities left to the intuition and experiences of the scientist. 

Reversing this picture, i.e., realizing LHP materials-by-design on a microscopic modelling basis, 

would result in a paradigm shift for LHPs research. In this regard, the use of computational techniques 

based on the density functional theory (DFT) represents a reliable method to study the thermodynamic 

stability and defects processes in solids.  



Within the DFT framework, the modelling of defects is usually carried out by using supercells in 

periodic boundary conditions. The stability of a defect in the lattice is estimated by calculating the 

associated defect formation energy (DFE) with the general equation:[59–61] 

𝐷𝐹𝐸(𝑋𝑞) = 𝐸(𝑋𝑞) − 𝐸(𝑏𝑢𝑙𝑘) − ∑ 𝑛𝑖 𝜇𝑖 + 𝑞(𝐸𝐹 + 𝑉𝐵𝑀) +  𝐸𝑞    (1)

𝑖

 

where E(Xq) is the energy of the defect supercell of charge q, E(bulk) the energy of the pristine 

supercell, n and µ are the number, and the chemical potentials of the species and EF is the Fermi level 

of the system referenced to the valence band maximum (VBM) of the pristine crystal. The Fermi 

level of the system is allowed to span the entire bandgap of the LHP. The Eq term is a correction 

including the shift of the electrostatic potential and the periodic interaction of the charges. According 

to equation 1, DFEs are functions of the chemical potentials and the Fermi level of the system. By 

the analysis of DFEs and their variation vs the Fermi level it is possible to predict the stable states of 

charge of native defects in a particular range of Fermi level, as well as their density by applying the 

Boltzmann law 𝑐(𝐷𝑞) = 𝑁𝑠exp (−
𝐷𝐹𝐸(𝐷𝑞,𝐸𝐹)

𝑘𝑇
), where Ns is the density of the defects sites in the 

modeled supercell, T is the absolute temperature and k the Boltzmann constant. Once the densities of 

the different defects species are calculated it is possible to estimate the intrinsic Fermi level of the 

system by solving the associated electro-neutrality equation. The thermodynamic ionization levels 

(TIL) between different charge states q/q’ of a defect are defined by the expression  

𝜀(𝑞/𝑞′) =  
𝐷𝐹𝐸(𝐷𝑞,𝐸𝐹=0)−𝐷𝐹𝐸(𝐷𝑞′,𝐸𝐹=0)

𝑞′−𝑞
                             (2) 

where DFE (Dq, EF = 0) are the formation energies of defects in the state of charge q calculated for 

EF = 0, i.e. at the top of the valence band (VBM).[59] TILs represent the Fermi energies (EF) where 

the DFEs of a defect species in different charge states are equal DFE (q’,EF) = DFE (q,EF), i.e. the 

crossing points between the DFEs lines. Ionization levels thus represent the redox potentials 

associated to the ionization of a defect, referred to the VBM of the perfect crystal. 

Defects with ionization levels close to the band edges of the pristine crystal by few meV are stable in 

a single charge state along the bandgap and are called shallow. The low ionization energies of these 



defects lead to the doping of the material. On the other hand, defects with ionization levels deep in 

the bandgap can exist in different states of charge within the Fermi level range, whose stability can 

be tuned by tuning the Fermi level itself of the system, for instance through extrinsic doping. 

According to the Shockley-Read-Hall theory,[62] defects with ionization levels deep in the bandgap 

can trap photo-generated charges by promoting their recombination on the defect center. The trapping 

rate is higher on defect centers with ionization levels placed in the middle of the bandgap, while 

shallow defects are mostly inactive in the process.[62]  

One of the advantages of equation 1 is that different values of chemical potentials can be assigned to 

elements to simulate different conditions of growth of the LHP. Halide or metal rich conditions can 

be simulated by fixing the chemical potential of a species to its value in the standard state and by 

solving chemical equilibrium for other components to preserve the thermodynamic stability of the 

LHP. In doping processes, the chemical potential of the extrinsic element may be assigned by 

including in the equilibrium conditions the limit of solubility of the dopant and the formation of the 

closest thermodynamic stable phase.   

A critical aspect for an accurate estimation of DFEs is a quantitative prediction of the band edges 

energies of the perfect crystal that enters the electronic term in equation 1. DFT calculations in solids 

are usually carried out by using semi-local functionals, like the Perdew-Burke-Ernzherof (PBE) 

functional,[63] which provide reasonable estimate of the thermodynamics processes in solids. 

However, such functionals are inadequate in the description of the electronic structure, by leading to 

a systematic underestimate of the band gaps. The PBE functional predicts a bandgap for MAPI of 

1.56 eV but, although in good agreement with experiments (Eg = 1.60 eV), such matching is only 

fortuitous.[64,65] The inclusion of spin-orbit interactions, particularly important in the simulation of 

heavy elements like Pb, leads to a remarkable narrowing of the bandgap to a value of 0.5-0.6 

eV.[66,67] This last value should be considered the effective bandgap calculated by the PBE 

functional, and it highly underestimates the experiments. State of the art GW calculations (including 

SOC) predicted a bandgap of 1.64 eV[64] for MAPI, by confirming that a quantitative description of 



the electronic properties of perovskites can only be achieved by using methods beyond semi-local 

functionals. In this regard, the use of hybrid functionals, like PBE0 and HSE06,[68,69] represent a 

good compromise between computational cost and accuracy and so far they are among the most 

accurate methods for the calculations of defects properties in this class of systems. Notably, the use 

of semi-local functionals without including spin-orbit effects and self-interaction errors leads to 

uncertainties also in the identification of geometry minima, particularly for localized states and open-

shell defects.[70] Although computationally more expensive, the use of hybrid functionals even in 

the geometry relaxations of defects should be the preferred choice. Other techniques based on DFT+U 

schemes, however, have also been explored.[71] 

2.3. DFT simulations of doping processes in LHPs 

Doping of the metal is an effective strategy to increase the stability of the lattice of a perovskite phase, 

as showed for the case of CsPbI3 that we nominated earlier in the text .[35] This perovskite is not 

stable in the alpha form, but the partial replacement of Pb2+ by isovalent substitution with Mn2+ is an 

effective strategy for the stabilization of the CsPbI3 active phase. DFT calculations confirmed that 

Mn alloying induces an increase of the cohesive energies of the phase to the value of 0.1 eV/f.u. in 

the mixed CsPb0.5Mn0.5I3 phase, with configuration entropy further favoring the process.[35] The 

study of the electronic structure of this alloy phase highlighted that electronic states of Mn are not 

coupled to the band edges, thus preserving the intrinsic electronic structure of the pristine LHP (see 

Figure 2a). This confirms that isovalent substitution of lead by other metals with similar ionic radius 

can stabilize the lattice without altering the optoelectronic properties of the PVK. The absence of 

electronic states of the dopant near the band edges (and in the band gap) prevents the unintentional 

formation of charge traps in the material, which can have detrimental effects on the efficiency of a 

PSC.  



 

Figure 2. a) Structure and atoms projected electronic density of states (PDOS) of pristine and Mn-doped cubic CsPbI3; 

b) Electron traps introduced by Bi-doping in the bandgap of pristine MAPI. Reprinted and adapted from ref [35] and 

ref[72]. Copyright 2017 and 2018 American Chemical Society. 

This aspect is particularly critical in doping strategies using aliovalent metals, as shown in the case 

of Bi-doping of MAPI. Mosconi et al. investigated by hybrid DFT the TILs associated to the Bi center 

in MAPI, by showing that incorporation of Bi in substitutional position to Pb leads to the formation 

of deep electrons charge traps in the band-gap, placed at ~1.0 eV above the VB (see Figure 2b). This 

result allowed to understand the origin of the bandgap narrowing and PL quenching observed in Bi-

doped LHPs.[72]  

The beneficial effects of doping in reducing intrinsic charge traps of the pristine LHP is a particularly 

important issue. Several DFT works have investigated native defects in perovskites .12,13,54-65,67-80 A 

predominance of shallow defects such as Pb vacancies (VPb), MA interstitial (MAi) and iodine 

interstitial (Ii) defects have been reported by DFT studies in MAPbX3 LHPs, with X= I, Br and Cl.[73] 

Similar results have also been reported for FAPbI3 and inorganic LHPs.[74–76] Walsh et al. discussed 

that Schottky defects, i.e., VMA + VI, are among the most stable defects couple in MAPI and their 

formation does not lead to alteration of the associated optoelectronic properties.[77] Notably, all these 

studies have been carried out by using semi-local functionals. Other studies based on hybrid 

functional DFT highlighted the emergence of deep trap states in the LHP, primarily associated with 



uncoordinated iodines.[78,79] In Figure 3, the defects formation energies and thermodynamic 

ionization levels diagrams of native defects in tetragonal MAPbI3 are reported as calculated by using 

the hybrid HSE06 functional, SOC included. As showed by diagrams, although many native defects 

have a shallow character, Ii and VPb introduce deep levels in the band gap of the LHP.[78] Ii can trap 

both holes and electrons through the (0/-) and (+/0) levels placed at ~0.30 and ~1.0 eV above the VB, 

respectively, while VPb can trap holes through the (2-/-) transition at ~0.1 eV above the VB. These 

defects are thermodynamically stable in the – and 2- state of charge, respectively, at the Fermi level 

and share a very similar defect chemistry.[60] The study of diffusion coefficients of native defects in 

the MAPI lattice highlighted that iodine ions move faster than MA ions, which in turn move faster 

than Pb, with calculated barriers of ~0.1 eV, 0.2-0.5 eV and > 0.8-1 eV for these species, 

respectively.[80,81] Based on these results a prominent activity of Ii upon the photo-excitation 

process is expected, while VPb likely play only a limited role due to the relatively shallow character 

of the (2-/-) transition and the high migration barrier. 

 

Figure 3. a) Defects formation energies diagram of native defects in tetragonal MAPbI3 calculated at the HSE06-SOC 

level (dispersion corrections included) in the 2x2x1 supercell and b) associated thermodynamic ionization levels diagram. 

Adapted from ref [78] with permission of The Royal Society of Chemistry.  



Changes in defects and PL properties of LHP upon doping and when interacting with the environment 

have also been studied computationally. Shi et al. performed an extensive DFT study about the doping 

activity of several extrinsic elements in MAPI, by concluding that the p-type doping with Na, K, Rb, 

Cu, and O elements is more accessible than n-type doping.[82]  

Potential charge traps healing strategies based on isovalent halide doping with Br and Cl in MAPI 

have also been proposed by some of us.[78] As reported in Figure 4a, the partial replacement of Ii 

with more stable Br and Cl interstitials leads to a shallowing of the (0/-) ionization level, responsible 

of the holes trapping, by passivating the defect center. Other DFT works confirmed the beneficial 

effects of isovalent halide doping with Br and Cl, by showing that these elements can effectively 

passivate charge traps and increase the lifetimes of charge carriers in MAPI.[78,83]  

 

Figure 4. a) Effects of isovalent halide-doping on the trapping properties of iodine interstitials. Adapted from ref [78] 

with the permission of the The Royal Society of Chemistry; b) Effects of oxygen doping on iodine interstitials traps. 

Adapted with the permission from ref [84]. Copyright 2017 American Chemical Society.  

The effects of LHPs exposure to external agents such as iodine and oxygen gas have been discussed 

with emphasis on the impact of these agents on the charge traps formation and healing.[84,85] In a 

mechanism discussed by some of us, the exposure of LHPs to limited quantities of molecular oxygen 

may induce the oxidation of negative iodine interstitials to form molecular IOn
- species leading to a 

shallowing of the (0/-) transition, similarly to isovalent halide doping.[84] Oxygen, and particularly 



water, however, can also activate photo-degradation paths in MAPbI3, through the formation of 

superoxides species, as discussed by Aristidou et al..[86] 

On the other hand, PL quenching of MAPbI3 is expected, due to the exposure to I2 vapors. As 

discussed in Meggiolaro et al., the high chemical potential of iodine in the gas phase leads to an 

increased density of Ii and VPb charge traps in the LHP, with consequent p-doping and detrimental 

effects on the PLQY.[85]  

2.4. Engineering of LHPs optical properties through endogenous modifications 

The combination of an electronic structure dictated by the [PbX6]
4- building blocks together with the 

ionic nature of Pb-X bonds underlies the uniqueness of LHPs, as a platform for compositionally 

tailored optical properties.[87] Within these building blocks, the valence band maximum and 

conduction band minimum are composed by σ-antibonding states of Pb 6s-X 5p and Pb 6p-X 5s, 

respectively.[64,88] Thus, LHPs optical properties can be primarily tuned by doping this structure, 

i.e., by partially changing the composition of these building blocks. Although the extreme versatility 

of the LHP chemical structure allows to intervene on each component, as previously described, 

changes in halide anions X- are by far the most commonly used strategies to tune the electronic 

structure near the band edges, as differences in halide atoms dielectric constant have profound effects 

on the resulting excitonic properties of the material.[7,89,90] Indeed, as widely explained in Section 

1.1, the replacement and alloying of A+ cations has been explored to tailor both the stability of these 

materials[91–94] and the hot-carrier cooling properties.[95,96] The reduced impact of the A+ cations 

on the optical properties of LHPs stem from their marginal role in the band structure, which confines 

them mostly to their geometrical role, although the discovery of some dielectric effects on the 

electronic excitations (i.e., dielectric drag and screening) suggest a possible pivotal role played by 

these moieties.[97,98] Since its inception, replacement of the B2+ cation aroused much interest for 

lead-free LHPs.[99,100] Alloying strategies regarding the B2+ cation offers a broad tunability of 

LHPs optical properties, but this often impacts the electronic dimensionality of the material, thereby 

resulting in a defect-intolerant electronic structure and therefore in poor optical and carrier transport 



properties.[101,102] Hence, this doping strategy is inherently more complex, invoking considerations 

on geometrical, electrochemical, and electronic aspects, and therefore will be discussed in detail in 

the following paragraph. Noteworthy, when coping with some structural stability consideration, the 

unique versatility of LHPs solid-state chemistry potentially allow for a simultaneous application of 

the doping strategies already described.  

Although other reviews in this field present the different strategies of doping in terms of which 

building block (A, B, or X) is substituted, we believe that a better description can be given in terms 

of processes.[103,104] Among the various opportunities offered by LHPs to tune the optical 

properties via doping, two approaches relying on different processes can be adopted: (i) bandgap 

engineering; (ii) down-conversion and quantum cutting. While the first approach aims at intervening 

on the electronic band structure by continuously shifting energy levels through progressive halide 

doping, the second approach introduces heteroatoms whose localized levels act as color centers within 

the LHPs matrix.  

2.4.1. Bandgap engineering  

A full composition-driven tunability of the optical properties of LHPs has been demonstrated for the 

AB(X3-xX’x) systems, in which halide doping allowed tuning the energy gap across the whole visible 

spectrum. In 2013 Seok et al. reported the realization of a solid-state solution of alloyed MAPb(I3-

xBrx, x=0-1) with photoluminescence (PL) peak (2.28-1.57 eV) linearly dependent on the bromide 

content (Figure 5a).[105] Sum et al. demonstrated the full visible range optical tunability of thin films 

up to 3.2eV of MAPb(Br3-xClx) for thin films, while Zhu reported tunable lasing for LHPs nanowires 

(Figure 5b and c).[106,107]  



 

Figure 5. a) Visible absorption spectra of MAPb(I1–xBrx)3, the increasing amount of Br- anions cause a blueshift in the 

absorption spectrum. Reproduced with permission from Ref [105]. Copyright 2013 American Chemical Society. b) 

Tunable lasing emission from MAPb(I1–yBry)3 and MAPb(Br1–xClx)3 nanowires. c) Tunability of PL and amplified 

spontaneous emission (ASE) for MAPb(I1–yBry)3 and MAPb(Br1–xClx)3 thin films. Reproduced with permission from Ref 

[106]. Copyright 2014 Springer Nature 

The substitution of iodide anions with smaller bromides affects the perovskite lattice constant, thereby 

determining a transition from the cubic phase to the tetragonal phase. Thus, halide doping strategies 

cannot overlook structural effects (see Section 1) since these strongly impact the optical properties, 

for instance via the Rashba effect, i.e., the spin-dependent momentum splitting of degenerate 

bands.[108,109] Qi et al. demonstrated the existence of an optimal substitution ratio for Cl doping of 

MAPbBr3 dictated by the interplay between Pb-halide bond strength and strain considerations,[110] 

as previously shown theoretically by Wei et al.[111]. Thus, the use of small quantities of Cl doping 

in MAPbBr3 has allowed Huang et al. to achieve a high mobility-lifetime product in MAPbBr2.94Cl0.06 

single crystals and demonstrate their use as gamma-ray detectors under bias.[112]  

The substitution of I with Cl is still a matter of debate: despite resulting in charge mobility increases, 

no general consensus has been reached on the role of Cl and its solid-state chemistry in the perovskite 

lattice. Indeed, conversely from Cl/Br and Br/I, Cl and I present very low miscibility (below 4%) 



mostly due to the structural considerations, thereby preventing their practical use for the tuning of 

optical properties and casting doubt on its real role. Snaith et al. introduced the incorporation of 

chloride anions in 2012 [113] and led Stranks and coworkers to the discovery of the outstanding 1um 

carrier diffusion lengths, [114] to 10-fold greater with respect to the groundbreaking discovery by 

Sum et al. on bare MAPI.[115] A common explanation for the increase in carrier mobilities upon 

chloride doping hinges on possible passivating effect of these ions on the hole traps formed at the 

grain boundaries. [DOI: 10.1002/aelm.201500044 Nevertheless, we believe that more work is needed 

to provide a more comprehensive picture of the role played by chlorine (e.g., structural, morphologic) 

and its relation with the improvements in devices’ performances.[116,117] 

As mentioned in previous sections, the doping of A cations has mainly structural effects. Therefore, 

when a larger organic cation L is introduced, the dimensionality of LHPs is tuned down to 2D, and 

the different physics drives different degrees of white light emission, as shown in 2014 by 

Karunadasa.[118] Here, the dimensionality reduction further emphasizes the role of electron-phonon 

coupling in these materials. While the presence of a moderate e-phonon coupling has been thoroughly 

investigated in bulk LHPs, [doi:10.1038/ncomms11755] its role in lower dimensional perovskites 

has been demonstrated only more recently [doi:10.1021/acs.chemmater.9b02267] and its fine tuning 

opens to new exciting opportunities for tailoing these materials’ properties[doi:10.1038/s41563-018-

0081-x]. For an introduction to the optical properties of these systems the reader is referred to 

Reference [119], and Reference [10.1016/j.trechm.2019.04.003]. 

In LHPs quasi-0D nanocrystals (NCs) the concept of anion doping is taken to the extreme for two 

different reasons: (i) the lower importance of structural constraints; (ii) the versatility of the colloidal 

synthesis and the discovery of solution-based anion exchange methods. Starting from ligand assisted 

re-precipitation (LARP) synthesized 5-20 nm size MAPbBr3-NCs, Song et al. reported an efficient 

alloying by the introduction of MAI and MACl solutions in isopropanol.[120] The alternative 

approach by direct LARP synthesis with mixed precursors solution of alloyed MAPb(X3-xX’x)-NCs 

was developed by Zhang et al. in 2015[121], while a few months later Protesescu et al. introduced 

Commentato [MR4]: I added the polarons here, I believe it 
is the only place where it would not disrupt the flow 



the alloying in the hot-injection synthesis of CsPb(X3-xX’x), with extremely high PLQY between 50 

and 90%.[122] Ultimately, the post-synthetic anion exchange for Cs-based nanocrystals was 

introduced [123,124] and demonstrated the mutual exchange of anions between different 

nanocrystals, thereby revealing the high mobility of halides anions in perovskite nanocrystals. In 

recent years, the post-synthetic anion exchange has been widely studied, and many precursors were 

developed, achieving a complete tunability of the optical properties of the nanocrystals.[125–129] 

This strongly dynamic nature of halides underlies one of the most severe limitations in the stability 

of anion-alloyed LHPs: the photoinduced halide segregation sometimes called the Hoke 

effect.[130,131] The presence of ion migration, already addressed in pure MAPI by De Bastiani et 

al.,[132] was revealed to be one of the key factors driving the segregation of halide rich phases in 

perovskites and lately confirmed by from some of the authors.[133] Herz et al. have recently 

demonstrated the presence of a direct link between halide segregation and weight of the trap-mediated 

recombination in the film.[134] For a complete description of these effects the reader can refer to the 

review by Kamat, who pioneered this field.[135] 

Besides the mere tuning of optical transition energies, the halide exchange profoundly impacts the 

underlying photophysics of LHPs, and, more specifically, their excitonic properties. The nature of 

LHPs lowest-energy excited states is crucial for their applications since the light-emitting application 

necessitate bound excitons to outpace the trap mediated recombination (∝ 𝑛). On the contrary, PV 

applications prefer loosely bound excitons. The parameter better quantifying the strength of the 

interactions between the electron and the hole is the exciton binding energy, usually extracted by 

Elliott model fitting of the absorption spectrum.[136,137]  Iodide based LHPs have been reported to 

display exciton binding energies ranging from 6 to 40 meV (with a marked dependence on sample 

preparation and measurement techniques).[138] Using LHPs with low binding energies allows for 

PV applications, since free carries are easily generated within the active layer due to easily splitting 

of the excitons; therefore these LHPs should belong to the class of free-charge semiconductors.[139] 

On the other hand, the anion doping mainly reduces the dielectric constant of the medium, thereby 



resulting in higher binding energies and therefore “more excitonic” materials. Accordingly, reported 

values for bromide LHPs ranges from 70 to 160 meV, while for chloride reported values are around 

70 meV.[138] Hence, anion alloying is not only a viable strategy to tune the energetic levels, but it 

also allows a fine-tuning of the excitonics of these materials. 

2.4.2. Down-conversion and Quantum-cutting 

Although compositional doping allows an outstanding degree of tunability on the optical properties, 

each tuning strategy should face the main setbacks that can limit their large-scale and long-term 

applications. Among others, the potentially undesired phase transitions, anion segregation, and 

reduced stability above the optimal doping concentration limits are the most important ones.[135]  

An alternative approach encompasses the intentional introduction of limited amounts of heteroatoms 

during the synthesis of the LHPs and is thereby focused on the partial replacement of Pb2+ cations. 

This strategy aims to modulate not only the optical but also optoelectronic and magnetic properties 

of the LHPs without affecting their basic structural properties.  

Notably, the heteroatom doping has been mostly applied to LHPs nanocrystals and therefore has 

primarily benefited from the amount of knowledge developed for II-VI semiconductor quantum dots 

in the past 30 years.[140]  As described in the recent review by Bakr, the introduction of heteroatoms 

within  LHPs has focused on metal cations, and their successful introduction has been demonstrated 

for both isovalent (B2+) and aliovalent (B+ or B3+) metal cations.[141] The rationale for tuning the 

optical properties of LHPs by substitution with a metal cation can be found by analyzing the relation 

between the energy levels of the dopants and those of the host material. As discussed in Section 2.3 

metal dopants with electronic states coupled to the band edge of pristine perovskite alter the 

associated electronic properties and may potentially introduce defects levels into the band gap, with 

detrimental effects on the optoelectronic properties of PSC. As discussed by Yin et al.,[142] metals 

dopants with ionic radii similar to that of lead (e.g., Bi, Ce), preferentially incorporated in 

substitutional position to Pb, alter differently the fundamental electronic structure leading to PL 



quenching/enhancement for Bi / Ce, respectively. Hence, the doping strategies should consider the 

holistic impact of dopant ions on structure, defectivity and energetic levels of the LHP. 

Based on this, we can roughly divide the doping in three main strategies of substitution from the point 

of view of the resulting optical properties: (i) cations with nearly overlapping energy bands, (ii) 

cations introducing localized level below the band-edge (shallow traps), (iii) cations introducing 

energetic levels in the middle of the bandgap of the host material (deep traps). In (i), besides possible 

energy shifts, the main effects are both the structural effects, such as the defect formation (Section 

2.1) and the tuning of the electronic density and properties of the material.[143,144] This will be 

discussed in Section 3. In (ii) the dopant acts as a color center, receiving energy from the host lattice 

and realizing a down-conversion. In (iii), provided a suitable energy alignment, the energy absorbed 

by the lattice can be split between two distinct dopant atoms, thereby achieving above-unity PLQYs. 

These concepts are summarized graphically in Figure 6 for the sake of clarity. 

 

Figure 6. a) Different effects of shallow traps (optically inactive) and deep traps (PL quenching) on the optical properties 

of LHPs. b) Down-conversion process, where LHPs act as host materials absorbing the excitation and efficiently 

transferring it to the emissive dopants. c) Quantum cutting process, the quantum of excitation absorbed by the LHP is 

split and transferred to two dopant ions, providing a resonance condition in the middle of the LHP bandgap.   

Hence, besides considering structural effects, the evaluation of the influence of a dopant ion on the 

optical properties must consider the energy of the electronic transitions between different electronic 



configurations, described as a function of the spin S, orbital momentum L and total angular 

momentum J, as terms symbols 2S+1LJ.  

Gamelin, Norris, and Peng among others have pioneered the introduction of Mn2+ in CdSe quantum 

dots during the 2000s, uncovering exotic effects such as spin-polarized photoluminescence and 

excitonic magnetic polarons.[140,145–147] The spin-forbidden 𝑇1 
4  → 𝐴1  

6  transition drives the 

optical properties of Mn2+ in the host lattice.[145] The resulting emission has therefore longer 

lifetimes (~𝑚𝑠) and, excitons acquire a magnetic character, thereby paving the way for application 

in spintronics and in all-optical magnetic switching. Notably, it was the strong interaction between 

the host lattice and this dopant, demonstrated by Gamelin[147], which raised much interest in 

applications such as the down-conversion of absorbed light. The defect-tolerant electronic structure 

of LHPs, overcoming the traping issues in CdSe, made them a perfect candidate for Mn2+doping. 

[148–156] 

The successful Mn-doping of CsPbCl3 and CsPb(Br/Cl)3 LHP NCs was independently reported by 

Parobek et al. and Klimov et al. in late 2016 and focused mainly on down-conversion applications, 

thereby choosing chloride and mixed chloride/bromide LHPs given their tunable bandgap.[149,150] 

The approach proposed by Parobek et al. relies on the introduction of small quantities of Mn salts 

within the well-established hot-injection synthesis method, developed by Kovalenko.[122] The 

replacement of Pb2+
 with Mn2+ was confirmed by electron paramagnetic resonance spectroscopy and 

by CsPbCl3 lattice strain effects on XRD. Even at low doping level <0.2% Mn/Pb atomic ratio, they 

reported a dual PL, where in addition to the usual excitonic PL (3.08eV) they recorded a broad orange 

PL peak at 2.1eV ascribed to the spin and parity forbidden transition 𝑇1 
4  → 𝐴1  

6  of Mn2+ excited via 

energy funneling from the host lattice. Noteworthy, this down-conversion process favorably resulted 

to outcompete the other non-radiative recombination channels and raising the PL quantum yield (QY) 

from 1.1% for the bare NCs up to 60% for the doped NCs. The resulting large Stokes shifts make 

them interesting for applications such as bio-imaging and luminescent solar concentrators. Klimov 

further extended this approach, by widening the compositional range of doping up to 10%, 



subsequently increased by Yang et al.,[148] who acted on the hot-injection temperature to achieve 

high substitution ratio of CsPb0.54Mn0.46Cl3 NCs while maintaining enhanced PLQYs.  

The investigation of different compositions in terms of both halide content and (Pb/Mn) substitution 

ratio revealed new insights into the host lattice-dopant interaction mechanisms. [152]  The observed 

decrease of dopant emission with increasing Br- content made clear that the bandgap plays a 

fundamental role in this process. Zhang et al. confirmed this observation by a systematic halide 

exchange, where transfer was not detectable for doped Mn:CsPbBr3 and Mn:CsPbI3.[157] The first 

spectroscopic studies, mostly based on photoluminescence excitation (PLE) and transient absorption 

(TA), were conducted by Rossi et al. on CsPb0.96Mn0.04Cl3 and reported a slow picosecond energy 

transfer process 𝜏𝐸𝑇 = 370 𝑝𝑠.[158] Furthermore, this process was reported to be dependent on the 

Mn2+ concentration, reaching down to 𝜏𝐸𝑇 = 3.6 𝑛𝑠.[148,149] Although PLE was useful to identify 

that the reported dual emission was not originated by different subsets of doped and un-doped dots, 

the presence of simultaneous dual emission suggested a complicate interaction mechanism.  

 

Figure 7.  a) Energy levels of the Mn trap-mediated sensitization mechanism, obtained by b) temperature-dependent PL 

spectroscopy, according to Brovelli et al. Reprinted with permission from ref [151]. Copyright American Chemical 

Society 2019 c) Energy diagram of Mn-doped CsPbCl3 NCs, comprising energy transfer and back-energy transfer effects 



on d) temperature-dependent PL.  Reprinted with permission from ref [153]. Copyright American Chemical Society 2018; 

further permission related to the material excerpted should be directed to the ACS. 

Gamelin, Meijerink, and Brovelli reported systematic temperature-dependent PL studies (Figure 7b 

and d).[151–153] According to the resulting picture, the transfer is likely to proceed via a Dexter-

type process, whose resonance condition requires the involvement of an upper ligand-field excited 

state of Mn2+ at the same energy. Furthermore, the presence of dual emission stems from an 

equilibrium between energy transfer and back-energy transfer, which leads to a branching in the 

emission, controlled by thermal energy (Figure 7 a and c). Similar energetic schemes have been 

reported for Mn-sensitized and trap-states in II-VI quantum dots, as well.[145,159,160] Although the 

consensus on the thermally activated nature of the ET process, with an energy barrier estimated 

between Δ𝐸𝐸𝑇 = 105 − 315𝑚𝑒𝑉, the anomalous low temperature (T<50 K) behavior of the Mn2+ 

emission is still under debate (Figure 7b). As shown in Figure 7d, Meijerink reported a constant up 

to a 5-fold decrease of integrated PL intensity when decreasing T between 300 and 4.2K, and 

therefore proposed the presence of a long-lived charge-separated state, communicating with the 

emissive Mn2+  𝑇1 
4  state.[152,153] Conversely, Brovelli et al. have recently found a different low 

temperature (T<50K) non-monotonous behavior of the Mn2+ PL and have proposed a two-step trap-

mediated sensitization mechanism (Figure 7b).[151] According to these studies, the interaction 

process is not only thermally activated but also is mediated by shallow traps, thereby accounting for 

the slow energy transfer and the co-existence of exciton and dopant emissions. The resulting 

Jablonski diagrams for the different interpretations are summarized in Figure 7a and c.  

Recently, Congreve and co-workers have reported a brilliant approach to exploit the structural effects 

of Mn-doping in LHPs NCs to passivate the traps and stabilize the structure. A low Mn-concentration 

(<0.19%) synthesis CsPb(Br/Cl)3 NCs allowed them to obtain efficient blue emission without having 

emission from the dopant. The low amount of Mn2+ ions resulted in a shorter Urbach tail (from 17.4 

to 14meV) and longer excitonic PL lifetimes (from 2 to 3ns), for undoped and doped, respectively. 

[161] 



The effect of Mn2+ dopant was investigated on LHP with different dimensionalities (2D and 1D), 

with similar results, i.e., a dual PL and higher PLQYs.[155],[156],[162]  Notably, these 2D 

dimensional colloidal NPLs were used as a reaction intermediate by Son et al. to achieve a direct 

synthesis of doped Mn:CsPbBr3, improving their optical properties with respect to the anion-

exchanged doped NCs.[163]   

Although Mn(II) doping has been at the focus of recent investigations, doping with different transition 

metal cations was successfully reported. The research for Pb-free alternative maintaining a defect 

tolerance has been driving the exploration of a library of divalent transition metal cations.[99] As 

demonstrated by Greenham et al., the doping with Sn2+ ions not only impact the stability of the 

perovskites, due to the lower oxidation potential of the couple Sn2+/Sn4+ (-0.15V) compared to 

Pb2+/Pb4+(-1.8V), but also results in poor optical properties in bulk and NCs (0.15% PLQY).[164] 

For Sn(II), the lower spin-orbit coupling of the 5p orbital compared to Pb(II) 6p, results in a defect 

intolerant electronic structure, hampering their optical and electrical properties.  

Donega et al. demonstrated the doping of cubic CsPbBr3 NCs through a post-synthetic reaction with 

small amounts (0.15%) of M(II)Br2 (M=Sn, Cd, Zn) salts.[154] The resulting CsPb1−xMxBr3 NCs 

showed a blue shift in the emission properties, ascribed to a lattice contraction caused by the 

substitutional exchange of Pb2+ with smaller radii ions. The linear dependence of the PL position with 

the lattice vector indicates that introducing small quantities of these ions is a viable strategy to tune 

the PL, without losing PLQY or stability. Analogously, Bakr, Rogach and Meng have further 

explored the effect of strain, reporting an increased short-range and therefore quasi-optimal optical 

properties for LHPs nanocrystals upon the introduction of smaller Ni2+, Cu+, Al3+ ions.[165,166] In 

these cases, the lattice contraction was used to tune the strain, eliminate halide vacancies, and tune 

the bandgap of the host lattice.  

Also aliovalent metal cations have been explored as possible dopants, where the most commonly used 

ions are Bi3+, In3+, Fe3+, Au3+, Al3+. [157,167–171] As described in Section 2.2, their effects on the 

LHPs optical properties are determined by the difference in ionic radius, the ligand field 



absorption/emission, and the different charge state, which creates defects in the LHPs lattice. Bakr 

and co-workers demonstrated the efficient bandgap tuning from 540 to 680 nm but a significant PL 

quenching, upon 10% Bi doping in MAPbBr3 single crystals.[172]  The quenching was investigated 

by Begum et al. in Bi:CsPbBr3 NCs.[169] Upon the introduction of 2% Bi, the PLQY was reported 

to drop from 0.70 down to 0.08. As demonstrated by De Angelis, Yamada and further confirmed by 

Snaith, the energy levels introduced by Bi3+ ions act as additional non-radiative recombination 

centers, thereby quenching the PL.[7,72,167,173] Recently, Loi et al. clarified the quenching 

mechanism in diluted Bi3+ doped MAPbBr3 single crystals by steady-state and time-resolved PL 

measurements.[174] Interestingly, besides explaining the trap-mediated PL quenching, they reported 

the emergence of a near-infrared PL peak, as a possible result of in-band states emission. Since the 

most advantageous effects of Au/In/Bi-doped LHPs fall in the realm of the electrical properties (i.e., 

a shift of the HOMO/LUMO and increase of the charge carrier densities)[175,176], they will be 

discussed in detail in Section 2.5. 

 Different from other transition metal ions, which display broad bands and confined to several specific 

wavelength regions owing to their limited energy structures, lanthanides, and actinides (rare earths, 

RE) exhibit a much wider range of tunability. The rich and unique photophysics of RE stems from 

their incompletely filled f-shells, whose inner charge distribution make them less sensitive to the 

electronic environment. Thus, despite the low absorption coefficients caused by parity selection rules, 

the PL resulting from 4f-4f transitions has been frequently used because of the narrow and defined 

lineshapes in the NIR region. On the other hand, 4f-5d transitions fall in the visible range, thereby 

altogether providing a platform for down-conversion.   

The RE doping of LHPs thin films and NCs has been the subject of intense investigations in the last 

few years.[142,177–183] Song et al. reported the doping of CsPbCl3 NCs using different RE cations 

(Ce3+, Sm3+, Eu3+, Tb3+, Dy3+, Er3+, and Yb3+).[183] Differently from the Mn2+ ion, RE ions were 

demonstrated to stabilize the tetragonal form of CsPbCl3, as confirmed by the strong (101) XRD peak. 

Again the structural effect was caused by the lattice contraction following the replacement of Pb2+ 



with the smaller Ln3+ cations. On the other hand, analogous to what was reported for Mn2+, the PL 

spectra exhibited not only the NCs exciton emission peak but also many other narrow emission bands 

associated with the dopants (Figure 8c). These emissions were assigned to the 5d-4f transitions of the 

Ln3+ ions sensitized by the host NCs, as confirmed by the matching of their PLE with the NCs 

absorption.  

Notably, the doping resulted in increased PLQY of the NCs exciton band, and prolonged emission 

decays (from 𝜏𝑁𝐶 = 4.1 ns up to 𝜏𝑌𝑏:𝑁𝐶 = 9.1 ns), therefore suggesting that dopant ions increase the 

defect passivation. Bakr et al. further explored this concept achieving a giant photoluminescence 

enhancement from 1 to 60%, by treating CsPbCl3 NCs with YCl3. Y
3+ and Cl- ions were demonstrated 

to contribute to passivating Pb-Cl vacancies, thereby decreasing the density of midgap states. 

Notably, this effect was collaborative by both ion and counterion.[184] 

 

Figure 8. (a) PL intensity and (b) PL quantum yield as a function of increasing Yb concentration in CsPbCl3 NCs.  

Reprinted with permission from Ref. [179]. Copyright American Chemical Society 2018 (c). Reprinted with permission 

from Ref. [183]. Copyright American Chemical Society 2017 



Among different lanthanides, Yb3+ ion doping has aroused the most considerable interest due to its 

impressive luminescence enhancement, leading to PLQY largely overcoming the unity. The so-called 

quantum cutting process has been demonstrated to underlie this huge efficiency 

increase.[179,181,182] As shown in Figure 6, this process can generate multiple excitons through the 

absorption of one single high energy photon, similarly to multiple exciton generation in LHPs NCs 

and singlet fission in organic materials. Gamelin and Song groups systematically investigated this 

effect in Yb:CsPb(BrxCl1-x)3 NCs.[179,183] 

Different from other above mentioned Ln3+ ions, the ytterbium ion emission spectrum is dominated 

by 𝐹5/2 
2  → 𝐹7/2  

2 , a 4f-4f transition at 988 nm (Figure 8a). Gamelin demonstrated that even low 

doping concentration ( [Yb3+] = 0.7 %), resulted in the complete quenching of the LHP NCs exciton 

emission (see Figure 8a).[179] Conversely, as shown in Figure 8b, the PLQY of dopant emission 

shown a constant increase, reaching up to 130% for [Yb3+] = 7.4 %. Temperature-dependent PL 

studies suggested the presence of thermally-assisted components in the sensitization 

mechanism.[181]  Differently from Mn2+, the Yb3+ has a lower degree of covalency with the 

surrounding lattice, and hence a poorer electronic coupling, which would suggest a slower transfer. 

According to TA results, that indicate a transfer taking place on a sub-picosecond timescale, Gamelin 

and co-workers proposed a defect-mediated transfer mechanism. They suggested that the aliovalency 

of Yb3+ plays a role in promoting the quantum cutting process. Indeed, the presence of aliovalent 

cations induces the formation of charge-compensating defects, assembling into neutral Yb3+-VPb-

Yb3+ complexes, akin to McPherson pairs.[180] Hence, the defects complex could rapidly trap LHP 

NCs excitons and transfer the energy to two Yb3+ ions, by exciting them into their 𝐹5/2 
2  excited state, 

thereby causing the quantum cutting. Noteworthy, the near-matching of this wavelength with the 

onset of Si PV allowed realizing quantum cutting luminescence solar concentrator (QC-LSC) with 

record efficiencies. Nevertheless, some inherent limitation of QC-LSC based on Yb3+, i.e., the long 

PL lifetimes (~2 ms), leading to saturation under continuous illumination, and the limited stability 

of CsPb(BrxCl1-x)3, are still major challenges for their actual implementation.[182] 



2.4.3 Electrical characterization of endogenously-modified LHPs 

Electrical characterization is a useful tool to investigate the physics of the semiconducting LHPs, but 

an intimate physical contact between the electrode probes and the material is strictly required, even 

if this might also largely affect the electrical behavior of the sample under examination.[144] Two 

different structures are used to run electrical measurements, namely the interdigitated [185] and 

vertical ones. 

An interdigitated structure makes use of finger-like patterned electrodes typical of thin-film 

transistors. This structure is far from the ideal condition of a uniform electric field within the sample 

due to the dominant edge effects and variable penetration depth, both depending on the electrodes 

pattern. Besides, it requires insulating substrates (quartz, glass, etc.) to avoid undesired transistor-like 

polarizations induced into the substrate by capacitive coupling or applied bias. 

On the other hand, large area top and bottom electrodes sandwiching the material under examination 

make a vertical structure, traditionally called metal-insulator-metal (MIM) structure.[143,144]  

Assuming a square structure for electrodes, the large areas imply that the material thickness is orders 

of magnitude lower than the side of the square electrodes, thus getting as close as possible to the ideal 

structure of a capacitor with parallel plates. When this condition is satisfied, it is possible to assume 

a uniformly distributed electric field on the surface of the electrodes that largely simplifies the 

modeling of such a device. Despite looking simpler, the vertical structure is much harder to realize 

due to processing issues.[186] While the creation of the bottom contact may be trivial, the deposition 

of a compact active-layer (the material under test) often requires a lot of tuning and optimization, 

since it must be pinhole-free to avoid shunting between the two electrodes. A further issue arises with 

the top contact, since it needs to adhere correctly to the (usually) rough surface of the studied material. 

However, when adequately built, the vertical MIM is the best structure for semiconductors 

characterization, due to its closeness to the ideal conditions hypothesized during modeling. 

Furthermore, for the specific case of LHP, the vertical structure better approximates the final device 

structure of a PV device. Focusing on the electrical characterization of doped/defect engineered 



materials, several works usually adopt interdigitated structures for preliminary studies, followed by 

vertical structure for modeling purposes.  

Among the most common electrical characterization for defects analysis and doping effects, the 

thermal admittance spectroscopy (TAS)[175,187], impedance spectroscopy (IS),[188,189] 

capacitance-voltage (C-V)[190,191], deep level transient spectroscopy (DLTS)[192,193], transient 

voltage decay, transient current decay, open-circuit voltage decay (OCVD),[194,195] charge 

extraction (CE), transient photo-voltage (TPV), transient photo-current (TPC) and current density-

voltage (J-V) techniques are the most informative. 

TAS is a powerful AC technique, particularly useful on low-doped or high resistivity semiconductor 

to detect the activation energy of trap states. This technique measures the capacitance or admittance 

of a semiconductor over a range of frequencies and temperature identifying the activation energy 

threshold at which the traps within the semiconductor release or capture charges, as shown in Fig. 9a. 

Typically, in TAS, each step in capacitance or peak in admittance corresponds to a different threshold 

in frequency or temperature, which plotted in an Arrhenius plot give the activation energy of the 

defects under investigation.[187] 

DLTS is a transient technique exploiting the change in capacitance or current throughout a non-

equilibrium state at different temperatures, to extrapolate the energy capture and capture cross-section 

of defects. Suitable for highly doped semiconductors, it is particularly interesting to investigate the 

effect of charge trapping/de-trapping within charge depletion regions.[193] 

C-V data of a diode-like structure allow the estimation of the doping concentration and distribution 

in standard inorganic semiconductors.[196] While its validity on silicon devices has been 

comprehensively proved and studied, its usage with organic and hybrid semiconductors is still under 

debate, despite being widely applied.[197] 

IS tests the J-V frequency response of a device under different steady-state bias conditions 

(temperature, illumination, voltage/current) on a wide frequency range, which usually spans from 



µHz to MHz. IS, in combination with modeling, provides a powerful tool to characterize material and 

interface properties, including the charge transport and recombination.[198]  

OCVD[199], TPC, TPV, as well as transient current/voltage decay techniques exploit the transient 

phenomena occurring after a change in bias conditions (i.e., light, voltage, or current). Depending on 

the measurement type and the bias starting/ending points, by using proper modeling these techniques 

allow extracting parameters like (minority) charge density and transport/recombination time 

constant.[194]  

J-V (4-probe) is the simplest among the electrical characterization techniques and is usually 

underestimated. Indeed, advanced J-V data processing and modeling allow defect and parameter 

evaluation, as summarized by Rose,[200] which in parallel with other techniques might cast doubts 

or confirm research results and hypothesis. 



 

Figure 9. a) Simulated capacitance as a function of frequency (left) and the derived differential capacitance spectra (right). 

The transitions of the trap peak and dielectric relaxation peak as a function of carrier mobility. The characteristic peaks 

in the differential capacitance spectra (right) correspond to the capacitance steps (left). ID and IT represent the magnitudes 

of the dielectric relaxation peaks and trap peaks, respectively. Reprinted with permission from ref [187]. Copyright 2018 

American Chemical Society. b) Schematic showing the relaxation of carriers to the band edge followed by recombination 

and the changes in defect levels on cation transmutation. Reprinted with permission from ref [175]. Copyright 2018 John 

Wiley and Sons. c) Defect energy distribution within complete PSC with neat (control) and 1 wt% N‐DPBI doped C60 



electron‐transporting layers (1 wt%) both before (pristine) and after aging (aged) for 25 d in a dry desiccator in the air 

without encapsulation. Reprinted with permission from ref [201]. Copyright 2018 John Wiley and Sons. d) Results of 

humidity stability tests on the unsealed (top) encapsulated (bottom) controls and double-layered halide architecture 

(DHA) devices under 85% relative humidity at room temperature (top) or 1-Sun illumination (bottom). Inset shows 

photographs of the control (left) and the DHA (right) device after 200 h under 85% relative humidity at room temperature. 

Reprinted with permission from ref [191]. Copyright 2019 Springer Nature. 

 

Harikesh et al.[175] studied the effects of different metal cations transmutation on lead-free PVK by 

exploiting electrical characterizations as TAS, AC hall measurements, J-V and TPV. They used 2D 

layered antimony PVK as the parent compound, replacing the Sb cation with an isoelectric heavier 

Bi cation at different percentage (NH4)3(Sb(1-x)Bix)2I9 (x from 0 up to 0.5) which affects the PVK 

conductive properties, switching the intrinsic p-type lead-free PVK into an n-type one. They used a 

vertical structure (TiO2/lead-free PVK/(Poly(4-butyl phenyl diphenylamine))/Au) to run TAS and C-

V, while they exploited an interdigitated structure to study the PVK switchable photovoltaic effect, 

previously evidenced by Xiao et al.,[202] on this specific lead-free PVK material with different Bi 

percentages. DFT simulation and optical-electrical experimental measurements point to the same 

results. Progressive Bi substitution shifts the CB and the VB downward while maintaining the same 

direct/indirect gap properties. However, since the material has fixed (or slightly affected) defects in 

the bandgap, its semiconducting behavior changes from p-type to n-type with the shifting of the CB 

and VB, as shown in Fig. 9b. The AC hall-effect measurement (i.e., an essential technique to detect 

the charge carrier type and mobility) confirms simulations, while the TAS measurements provide CB 

and VB shift with increasing Bi concentration. TAS proved indeed that the location of the defect 

relative to CB and VB changes with increasing doping and the authors suggested that this is due to 

the different ion weight (compared to Sn) that shifts the PVK bands downward. However, further 

research is necessary to define the limits of TAS in defects analysis, as explained by Wang et al. in 

their work.[187] Harikesh et al. work represents an extensive investigation, fully comprehensive of 

all the necessary measurements to gain complete knowledge of the material´s electrical properties.  



Some of the authors [133] conducted a correlated study on the effects of ion migration within MAPI 

NCs obtained through laser-ablation from a target precursor and deposited on interdigitated devices. 

In this work, we investigated the effect of long-term polarization on the performance of MAPI, by 

analyzing current injection and extraction into/from the LHP film. We proved that the high electric 

field generated at the interfaces with the electrodes due to migrating ions is disruptive for the LHP 

film lattice since during the long steady-state characterization it degenerates the MAPI into its 

precursors (MAI and PbI2), the hypothesis is also supported by Raman measurements.  

Son et al.[203] showed the possibilities offered by doping LHPs (specifically, MAPI, FAPbI3, 

FA0.85MA0.15PbI2.55Br0.45 and FA0.85MA0.1Cs0.05PbI2.7Br0.3) with alkali iodides (LiI, NaI, KI, RbI and 

CsI). Defects engineering within LHPs and reduction of electrical hysteresis was the aim of their 

work, lowering the number of trap states generated by defects. KI stem as the most successful dopant 

in reducing hysteresis. They used MIM devices and complete PSCs in order to study the effects of 

doping on PV performances by J-V and IS measurements, in parallel with DFT calculations. 

By analyzing IS data on MIMs and PSCs, they stated that both structures have a similar behavior and 

defects identity must necessarily be that of bulk defects. By modelling J-V in dark with space-charge-

limited (SCL) current model and exploiting the dielectric constant from IS data, they extrapolated the 

trap density (nt) within the bulk material.[200] nt indeed decreases by increasing KI doping, at least 

below a certain level of doping. 

The authors, based on DFT simulations, have also discussed the reduction of hysteresis potential upon 

K-doping. According to them, the incorporation of K occurs mainly in interstitial position within the 

lattice. The saturation of interstitials sites induced by alkali-doping increases the energy of formation 

and reduces the mobility of the iodine Frenkel defects, responsible of the J-V hysteresis. Other works 

explored the advantages of doping the layers in close contact with LHP and studied the effects on the 

resulting interfaces. Indeed, while the doped material is that of the transporting layers, the intimate 

contact of these ancillary layers with LHP usually affects the LHP defects distribution at the interface. 

In this regard, Wang et al.[201]  doped the C60 electron transport layer (ETL) with N-DPBI and tested 



this ETL in an n-i-p PSC. They run TAS on the PSCs built with the doped-ETL at different percentage 

and the resulting density of states (DOS) proved that doping helps in improving the stability of the 

PSC, despite an increased wettability. Indeed, the DOS of the LHP does not change with aging while 

it does with a neat C60 ETL, as shown in Fig. 9c. Wang et al. therefore, disclosed some interesting 

results on the possibilities offered by doping the layers directly interacting with the LHP absorber, 

which may lead to interfacial doping of the LHP material itself, improving stability and reliability of 

PV devices. 

Moving towards the anode side, Jung et al.[191] successfully improved the LHP/hole transport 

material (HTM) interface by treating the surface of the LHP prior to HTM deposition with n-hexyl 

trimethyl ammonium bromide. The treatment created a thin layer of wide-bandgap halide (WBH) 

LHP on top of the narrow bulk absorbing layer, which granted high performance even by using the 

low-cost poly(3-heylthiophene) (P3HT) as HTM that can, in principle, overcome the limitations 

usually encountered by researchers when developing PSC with SPIRO-OMeTAD molecule.[204] J-

V, C-V and maximum power point (MPP) electrical characterizations proved enhanced performance, 

as shows MPP tracking in Fig. 9d. 

Regarding transient electrical measurements, Walter et al.[194] approached the study of transients in 

LHPs by numerical simulation of the measured photo-voltage behaviors. Walter et al. model includes 

non-radiative recombination and drift-diffusion of both ions and hole/electrons within LHPs, 

reaching good qualitative results. However, further research and tuning of this model is necessary in 

order to extrapolate reliable physics quantities, such as the ion density, mobility and diffusion 

constant, before this approach allows quantifying the effects of doping/defect engineering 

efficaciously. 

Finally, as a reference case of the possibilities given by electrical characterizations to assess the 

performance of an LHP material, the work of Zhang et al.[205] deserves to be summarized here. 

These authors indeed reported the results of post-device ligand (PDL) treatment on fabricated PSCs. 

Exploiting both common steady-state and modulated measurements, they showed that the application 



of diethylenetriamine (DETA) as room-temperature PDL treatment to fully processed PSCs highly 

improves solar cells stability and performance. The authors suggested that the main reason behind 

these improvements is the repairing and healing of defects in the PVK active region, which enhances 

performances by reducing non-radiative charge recombination. MPP tracking, J-V, IS, and light 

dependence of VOC in the studied devices were monitored throughout the experiment, in parallel with 

XRD, UV-vis absorption, SEM, XPS, and TRPL for physicochemical characterizations. The synergy 

of these several characterizations allowed the validation of the authors’ hypothesis and reinforced the 

idea that only by deep investigation and multiple technique comparison it is possible to get a broader 

view of the issues behind observed phenomena. 

3. Exogenous strategies 

Compositional engineering, i.e., the chemical doping processes discussed previously in details, is at 

the focus of the widest amount of work carried out by researchers all over the world to improve the 

quality of LHP materials for the optimization of real devices optoelectronic properties. 

However, in the last four years, several manuscripts have been published concerning the use of LHPs 

in many fields, including energy harvesting, LEDs, photodetectors, sensing and photocatalysis, in 

combination with other organic or inorganic frameworks as nano-composites, aiming at realizing 

brand new material platforms capable of solving specific technological problems. These efforts for 

“coupling” LHPs with materials having complementary properties or able to boost LHP native ones 

are at the base of the constantly increasing uses of LHPs beyond the sole PV field.  

Thus, this final section of the review is devoted to summarizing and analyzing critically those research 

results dealing with the emerging area of LHP-based nano-composites. 

1.1. LHP-based polymer nanocomposites for optoelectronics 

The combination of LHPs with polymers has emerged as a valuable strategy to target technological 

applications of these nanomaterials going beyond the classical use in PV. LHP-based polymer 

composites are a strategical platform to exploit the properties of the two different components towards 



specific targets, in a cooperative fashion that allows the strengthening of each material’s native 

properties or the interplay between individual characteristics.[206]  

The use of polymers as additives/templates to control LHP film morphologies[207] emerged around 

2014, with different examples aiming at the construction of PSC with improved PCE.[208–211] 

Colella and coworkers conducted fundamental studies on the interactions occurring between 

prototype polymers, both classical and conjugated ones, and MAPI precursors, looking for a general 

protocol to control the size and shape of the aggregates that form initially in solution and then being 

able to address film morphology.[212] Specifically, through a combination of NMR spectroscopy, 

dynamic light scattering and microscopy techniques, they found that a higher number of hydrogen-

bond interactions between protons on MA+ and oxygen/nitrogen-rich sites on the polymer chains 

determines the formation of smooth LHP:polymer films. On the other hand, the lack of these specific 

sites for non-covalent interactions favors the formation of micron-size MAPI aggregates in solution, 

that ultimately give rise to bundles-containing films (see Figure 10a for a pictorial representation of 

this concept). The same group in 2018 made use of the knowledge previously obtained to build 

environmentally friendly LHP:polymer films, to obtain 17.2% PCE in a fully solution-processed 

planar PSC stable to high-moisture contents (50%) and resistant to bending stress.[213] The selected 

macromolecule was this time a starch biopolymer that, with its abundance of oxygen sites suitable 

for hydrogen bonding with MA+, positively influenced the formation of continuous PVK films via 

single-step coating. This was made possible by the occurrence of a gel-like behavior in the 

starch:PVK precursor composite solution (Figure 10b). Again in 2018, these authors further extended 

the concept of exploiting hydrogen bond interactions to influence the self-assembly process leading 

to highly crystalline MAPI films for PSCs by employing cyclodextrins as templating agents, which 

are thermally removed/decomposed during the annealing process.[214] Even if not properly based on 

an LHP:polymer composite, this approach deserves to be nominated here because of its great potential 

for the development of tailored composite materials.  
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Figure 10. a) Schematic representation of the selective hydrogen-bond interactions taking place between MA+ in the 

MAPI precursors and oxygen/nitrogen rich sites on the polymer backbones, investigated by Colella and coworkers. The 

relationships with the resulting film morphologies are also schematized, highlighting how a lower amount of these 

interactions in the composite precursor solution induces the formation of bigger aggregates and, consequently, 

inhomogeneous films. Reproduced from ref [212] with permission of the Royal Society of Chemistry. b) Formation of a 

gel-like MAPI:starch biopolymer precursor (photo) and detail on intermolecular interactions established within it. 

Adapted from ref [213] with permission of Elsevier. 

 

Many authors have pursued the incorporation of LHP-NCs/QDs into polymer matrices to improve 

processability, film quality, and stability of these nanomaterials in the last 3 years.  



With the specific aim of enhancing the PL/electroluminescence (EL) properties of the LHP-NCs, 

Zhong and coworkers in 2016 resorted to the fabrication of films of MAPbBr3 NCs embedded into a 

polyvinylidene fluoride (PVDF) phase, having outstanding thermal, mechanical, hydrophobic and 

film-forming properties, in conjunction with the well-known piezoelectricity (vide infra for 

discussion on flexible LHP:PVDF piezoelectric generators).[215] Starting from a single DMF 

solution containing both the MAPbBr3 NC precursors and PVDF, the use of a two-step solvent 

evaporation process (first in vacuum and then through heating in an oven) allowed the separation of 

the LHP and PVDF crystallization process, providing bright green emissive films with good 

transparency in the 540-900 nm region. The green composite films were employed in a white LED 

structure in combination with a blue and a red layer, providing a device with high luminous efficiency 

(up to 109 lm W−1 at 20 mA current).  

The group of Alivisatos also reported back in 2016 the encapsulation of CsPbBr3 QDs in a high 

molecular weight hydrophobic triblock copolymer of polystyrene (PS) and studied systematically the 

retention of the PL in films of this composites kept under water-soaking conditions.[216] The 

protective effect of the polymer was significant: 3 µm spun-cast films of the composite were able to 

retain a stable PLQY after four months of complete immersion in water, differently from what 

happened with a film of the sole CsPbBr3 QDs lacking any protection (see Figure 11a).  Wei et al. 

applied a simple swelling-shrinking strategy in non-polar solvents to produce luminescent 

CsPbX3@PS (X = Cl, Br, I) composite beads with superior resistance to water.[217] Interestingly, 

the beads were also very stable in biological media, not releasing any toxic Pb2+. Cells seeded in their 

presence incorporated the luminescent composites within the external membrane, foreseeing for these 

nanomaterials an interesting future use as efficient luminescent probes for cell membrane labeling. A 

further step into LHP-NCs/QDs stabilization towards the action of protic solvents such as water or 

methanol, further accompanied by enhanced thermal stability, was reported by Liu and coworkers 

through the production of ternary graphene oxide (GO)-polymer-CsPbX3 composites able to self-

assemble into nanorod-like superstructures.[218] The CsPbX3 NCs were directly grown in situ on a 



poly(acrylic acid)-grafted GO (GO-g-PAA) binary composite as shown in Figure 11b, thanks to the 

coordinating action of the PbX2 precursor on the carboxylate residues pending from the polymer 

chains, forming convenient nucleation sites for NCs formation. The induction of the nanorod-shaped 

suprastructures was achieved by treating the colloidal solution of the ternary composite in toluene 

with hexane. HR-TEM analysis highlights how the LHP-NCs are well-embedded within the nanorods 

(Figure 11c) and thus perfectly encapsulated. The protective action of these hierarchical structures 

was evaluated once again by measuring the residual PLQY of the samples in methanol and water 

after different times. In both cases excellent PL intensity retentions were found, paving the way to 

the potential use of these materials in photocatalysis, considering the presence of GO, which can 

improve charge separation and transport. 

 

Figure 11. a) Trends in PLQY over prolonged ageing times for the CsPbBr3 QDs (top) and CsPbX3@PS (bottom) in both 

air and water studied by the group of Alivisatos. b) Pictorial representation of the synthetic process employed by Liu and 

coworkers to produce ternary CsPbX3-NC-GO-g-PAA composites, with specific focus on the in situ growth of the LHP-

NCs. c) HR-TEM images of the nanorod-like superstructures formed by the ternary CsPbX3-NC-GO-g-PAA composites 



and detail on the LHP-NCs, appearing well-encapsulated within the hierarchical structure of the binary GO-g-PAA 

matrix. Reproduced from ref [216] and ref [218] with permission of the American Chemical Society. 

 

An interesting approach for the fabrication of CsPbBr3 NCs/poly(methyl)methacrylate (PMMA) 

composites in the form of nanofibers was reported by Ma et al. employing a microfluidic spinning 

technique.[219] More precisely, the method allowed first to build 1D/2D microreactors, which were 

used for the large-scale continuous production of the CsPbBr3/PMMA composites without the 

simultaneous generation of toxic solvent waste containing heavy metal ions.  In an attempt to integrate 

the formation of LHP NCs and of the polymer guest matrix in a one-pot reaction, Xin et al. developed 

a  general strategy for the production of LHP NCs@polymer composites that can be applied to many 

commercially available monomers undergoing thermal or UV polymerization in the presence of a 

suitable initiator.[220] The method involves the use of only a trace amount of DMF to dissolve the 

PVK precursors and it is therefore a green technique, with excellent perspectives for industrialization. 

By controlling the loading content of PVK NCs in the polymer phase, it is possible to act beneficially 

in reducing NCs self-aggregation, generally leading to undesired PL quenching. In addition, the 

concomitant production of the polymer chains and of the NCs prevents possible post-production 

phase separation phenomena, which are common in composites obtained through simple blending 

approaches of pre-formed components, due to the large discrepancy in polarity between PVK and 

polymers. Highly water resistant CsPbBr3@PMMA polymer nanospheres were reported by Li and 

coworkers, employing a spray-assisted coil to globule transition method for the efficient 

encapsulation of the LHP QDs inside the polymer phase.[221] The robust coverage with PMMA 

limited almost completely the toxicity of the CsPbBr3 QDs, allowing the use of the composite 

nanospheres (with 110 nm average diameters in water) in live-cell imaging. 

The production of LHP@polymer composites is not only useful to provide robustness to LHP NCs 

or QDs but can also represent a very practical material platform to target different energy-related, 



optoelectronic, and sensing applications. We will now discuss examples from the recent literature of 

LHP@polymer composites used in LED, lasing, piezoelectrics, sensors, and photodetectors.  

The first example of an LED based on a LHP@polymer composite was reported in 2015 by Yu and 

coworkers, employing MAPbBr3 and poly(ethylene oxide) (PEO).[222] The morphology of the 

composite films was controlled by changing the weight ratio between the PVK precursors and the 

polymer, thus evidencing the decrease in LHP crystal sizes with the increase in PEO content, together 

with the improvement in film homogeneity, becoming smooth and pinhole-free (see Figure 12a). The 

1:0.75 LHP:PEO ratio was found to be the optimal one for the green LEDs fabrication, providing a 

device with low turn-on voltage (2.9 V) and high brightness (4064 cd m-2 at 5.5 V). In a later 

contribution (2017), the same group reported a stretchable version of the same PVK-based green 

LED, employing the LHP@PEO composite in the emissive layer and a PEDOT:PSS/PEO mixture as 

the hole injecting layer.[223] The device was demonstrated to be reversibly stretchable up to 40% 

strain for 100 cycles, continuing to emit a uniform green light (Figure 12b). The combination of 

FAPbBr3 with PEO allowed Chen and coworkers to build also a two-photon-pumped random 

laser.[224] This type of devices can represent a good solution for low-cost thin-film lasing 

technologies for flexible speckle-free imaging and projection application. 



 

Figure 12. a) Evolution in LHP film morphologies observed through scanning electron microscopy after the addition of 

increasing amounts of PEO. b) The visual appearance of a green LED based on a LHP@PEO light emitting layer before 

(top) and after (center) stretching to 40% strain and after 10, 50 and 100 stretching cycles at 0-40% strain (bottom). 

Adapted from refs [222] and [223] with permission of Wiley. 

 

Yang and coworkers reported on the fabrication of a pure white LED (CIE coordinate at 0.33,0.34) 

by combining blue-emitting PVK nanocrystals and an orange semiconducting polymer, namely the 

well-known poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH:PPV).[225] More 

recently, Lin et al. produced with electrospinning stretchable membranes of highly hydrophobic 

(poly(styrene-butadiene-styrene) (SBS) nanofibers embedding CsPbX3 NCs (X = Cl, Br, I) (Figure 

13).[226] These composite fibrous materials are stable to water damage, with unvaried PL values 

after 1 hr of total immersion. An optimized white LED was obtained by employing red and green 



LHP NCs@SBS nanofibers on a blue-chip, emitting a warm white light with a luminous efficacy of 

up to 9 lm W-1 and a broad color gamut. 

 

Figure 13. LHP NCs@SBS electrospun nanofibers produced by Lin et al. with different emissive behavior based on the 

embedded LHP NCs. Reproduced from ref [226] with permission of the American Chemical Society. 

 

As mentioned previously, composites of PVK and PVDF are attracting considerable attention for the 

construction of flexible piezoelectric generators able to scavenge energy from the environment and 

biomechanical movements. A comprehensive review on the use of PVK in these devices has been 

recently published, to which we refer for details.[9] Here we will only briefly treat two cases of 

polymer composites, that are the exact subjects of this review. In 2017, Ding et al. described an 

efficient piezoelectric generator based on FAPbBr3 NCs dispersed in PVDF, mainly benefiting from 

the piezoelectric properties of both the material constituents.[227] The FAPbBr3 NCs are indeed 

characterized by remarkable ferroelectric properties, with a high piezoelectric charge coefficient of 

25 pm V-1. At the same time, also PVDF, in its β phase is characterized by good piezoelectricity, with 

a coefficient of -29 pm V-1. The authors thus achieved a maximum piezoelectric output voltage of 30 

V and current density of 6.2 µA cm-1 by employing a 12 wt% concentration of FAPbBr3 NCs in PVDF 

and used the alternating generated output signals to charge a capacitor and light up a red LED (see 
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Figure 14a). The group of Mandal reported a porous MAPI-incorporating PVDF β phase film through 

solution casting in air.[228] The dispersion of the MAPI NCs inside the hydrophobic PVDF matrix 

allows for their protection from moisture and oxygen. On the other hand, the presence of the LHP 

NCs appeared to be the reason for the induction of the β phase in PVDF and the formation of the 

porous morphology, with average pores diameters around 550 nm (Figure 14b left-side). The porous 

composite was demonstrated to be suitable for harvesting biomechanical energy from the human 

body, by charging different capacitors under continuous dynamic tactile stimuli. Also, the presence 

of the MAPI-NCs made photoactive such a material platform, extending its potential for the 

preparation of a self-powered visible light photodetector (see Figure 14b for the device 

characteristics). A porous composite of MAPbBr3 NCs embedded into a PVDF matrix was also 

reported very recently by Yu and coworkers for the fabrication of a nanograms-sensitive sensor for 

explosives belonging to families of compounds such as nitroaromatics, nitroamines and nitrate 

esters.[229] Pore sizes of 2-10 µm, coupled to wall thicknesses of hundreds of nanometers, were 

obtained by resorting to a freeze-drying process. A progressive PL quenching in the presence of 

increasing amounts of organic nitro explosives takes place in the composite and the reason for this 

behavior is found in an increase in traps density rather than in a photoinduced charge transfer process 

between the sensor and the analytes. 

 



 

Figure 14. a) Capacitor charging and red LED lit up using the electric energy provided by the periodic pressing of the 

FAPbBr3 NCs@PVDF based piezoelectric generator reported by Ding et al. Reproduced from ref [227] with permission 

of Elsevier. b) On the left side, the porous morphology by SEM of the MAPI NCs/PVDF composite prepared by Mandal 

and coworkers is shown. On the right side, the change in piezoelectric response (output voltage and current) in dark and 

in light under continuous application and removal of stress of the hybrid piezoelectric/photodector device is reported. 

Adapted from ref [228] with permission of the American Chemical Society.  

 

The group of Yu fabricated flexible X-ray detectors by employing lead-free Cs2AgBiBr6 double 

perovskite crystals dispersed in different polymer matrices.[230] The best results in terms of film 

homogeneity were obtained when polyvinyl alcohol (PVA) was used as the host matrix, likely 

because of the polar interactions that it can establish with the PVK through the pendant hydroxyl 

groups. The devices based on free-standing 100 µm-thick films of the 2:1 Cs2AgBiBr6:PVA 

composite exhibited an excellent sensitivity to X-rays, and they could be bent with a 2 mm radius 

without leading to any photocurrent degradation. 

1.2. Combination of LHPs with inorganic materials 



LHP-based photodetectors are generally emerging as new promising technologies because they 

demonstrate outstanding photo-responsivity and detectivity. To enlarge the optical window of these 

devices towards the NIR region, nanocomposites were realized by Li et al. using solution-processed 

up-conversion nanoparticles (UCNs) like NaYF4:Yb/Er deposited on a flexible polymeric 

substrate.[231] In this work, the authors employed MAPI microarrays coupled to the UCNs thin film, 

exhibiting superior performances with respect to standard LHP-based NIR photodetectors, achieving 

a maximum responsivity of 0.27 AW-1 and detectivity of 0.76 1012 Jones, thanks to the efficient 

energy transfer between the MAPI arrays and UCNs layer (Figure 15a). Similar results were obtained 

by Wang et al.[232] reporting on a system in which the UCNs are surrounded by MAPBr nanowires, 

able to achieve a 28.5% efficiency in the energy transfer process and allowing the subsequent 

realization of a NIR photodetector. A particular example of inorganic LHP-based composite for 

photodetector is reported in ref [233] where Li and coworkers dipped a carbon fiber covered with 

TiO2 in an LHP precursor solution and, by suitable solvent engineering, induced the nucleation of 

LHP NCs on the surface of the fiber. The system was then twisted with a CuO wire, able to suppress 

dark current of LHP, realizing a broadband photodetector with high detectivity (about 1013 Jones, at 

least two orders of magnitude better than other reported LHP-based photodetectors).[234]  

LHP-based LED suffer from chemical and structural instability that can be reasonably fixed by 

coupling the PVK cores with inorganic scaffolds, akin to what discussed in the previous paragraph 

for polymeric ones. Silica shells, for instance, can be exploited for the realization of moisture and 

heat stable white LEDs. In Zhang and coworkers[235] report, CsPbBr3/silica QDs composites were 

prepared through a sol-gel reaction using tetramethoxysilane as a precursor. With these species, the 

authors then realized a stable blue LED, showing 63.5 lm W-1 power efficiency, sustained over 13 h 

of continuous operation in air. Furthermore, phosphosilicate glasses were used instead of silica as an 

even more robust inorganic barrier against heat-degradation, allowing the realization of devices with 

tunable emissions in the range 500-750 nm.[236] A 20 lm W-1 white LED was realized by coupling 

the LHP/glass nanocomposite light-emitting systems with a commercial InGaN blue chip. By further 



extending the concept, luminescent nanofluids can be used as color converters for LEDs: Lin et 

al.[237] realized such systems by dispersing LHP NCs in silicon oil and consequently transforming 

a blue-emitting GaN LED into a green or red-emitting device. 

Photocatalysis is another emerging application that may exploit the potential of LHP 

materials.[238,239] Schünemann et al.[240] developed a direct catalyst for the oxidation of benzyl 

alcohol to benzaldehyde under visible-light illumination by employing a CsPbBr3/TiO2 composite 

through a wet-impregnation method. The composite photocatalyst showed more than 99% selectivity 

towards the generation of benzaldehyde. Electron spin resonance analysis revealed that the 

photoexcited electrons in CsPbBr3 transferred to the TiO2 conduction band are responsible for the 

concomitant reduction of oxygen, via formation of the superoxide radical. Core@shell 

CsPbBr3@zeolitic imidazolate nanocomposites were successfully tested for CO2 reduction.[241] The 

MOF, directly grown on the surface of LHP QDs, allowed to improve stability to moisture, ability to 

capture CO2 and charge separation efficiency (Figure 15b). The electron consumption rate was two 

times bigger in the case of the core@shell nanocomposite system than in neat LHP QDs[242] and 

was comparable to that of a CsPbBr3/GO composite system.[243]  

Mollick and coworkers also adopted the implementation of MOFs for realizing an ultrastable 

luminescent nanocomposite for the degradation of organic pollutants in water.[244] Through a pore-

encapsulated solvent-directed procedure, MAPbBr3@ZIF-8 (a zeolitic-imidazolate framework) 

composites were prepared. The MOF walls function as a protecting layer for the PVK core, improving 

the robustness of the device and allowing the complete degradation in the water of contaminants like 

methyl orange, methyl red and nitrofurazone (an antibiotic). As discussed already very briefly in the 

previous paragraph,[218] GO is also useful for triggering photocatalytic properties of LHPs (as well 

as the long-term stability): in the already cited paper, Xu et al.[243] showed that a CsPbBr3 QDs/GO 

nanocomposite can convert CO2 into solar fuels in non-aqueous media under light illumination with 

a starting reduction rate of 23.7 umol g-1 for the neat QDs, which is increased of 25.5% in the 

nanocomposite, due to the good electron extraction properties. 



 

Figure 15. A) a) The highest photoresponse parameters of the bilayer photodetector reported by Li et al. as a function of 

the incident wavelength. The inset shows the photo of the flexible integrated photodetector. b) Scheme showing the 

detailed energy transitions from the NaYF4:Yb/Er UCNs to MAPbI3. c) Responsivity R and d) detectivity D* of the 

bilayer photodetector as a function of NIR irradiance intensity at 980 nm. e) Single photocurrent response cycle with the 

light switched ON and OFF, showing the response speed of the photodetector at 980 nm. B) a) Schematic illustration of 

the fabrication and CO2 photoreduction process of CsPbBr3/ZIFs. b, c) Low- and high- magnification TEM images of 

CsPbBr3@ZIF-8. The inset of c) is the high-resolution image of a single CsPbBr3 QD marked with a red circle. d) High-

angle annular dark-field STEM image and elemental mapping of CsPbBr3@ZIF-8. Scale bar: 50 nm. e) TEM image of 



CsPbBr3@ZIF-67. Reprinted with permission from ref.[231] (A) and ref. [241] (B). Copyright 2017 (A) and 2018 (B) 

American Chemical Society. 

4. Conclusions and future perspectives 

Albeit five years of intensive research allowed scientists to achieve a good understanding and to 

harvest many of the low-hanging fruits of doped LHPs, we guess that this field will remain for longer 

time within the focus of LHP research. Despite the great efforts, effects such as halide segregation in 

mixed LHP or host lattice-dopant interactions are still to be clarified. These challenges will require 

the use of innovative approaches, using non-conventional techniques capable of investigating the 

structure of LHPs in real-time.[245–247] In this contest, the cathode luminescence technique might 

be useful for investigating the presence of metallic dopants[248], solid-state NMR might become 

fundamental for quantifying halide segregation within the doped LHP [249,250] and its combination 

with X-ray absorption for gathering information about long-range lattice order.[251] Also, 

thermogravimetric analysis can quantify the mass of dopant needed for achieving thermal stability in 

a PSC,[252] while ultraviolet PL spectroscopy allows for the estimation of Fermi level shifting upon 

doping.[253] 

As a final balance, we can state that PV and other optical applications such as LEDs and 

photodetectors obtained the most significant benefits from LHP doping, thus being able to reach 

remarkable optoelectronic performances. However, PV applications suffer from electrical instability 

given by well-known structural modification issues (ion displacement, grain size modification, defect 

nucleation and so on) as well as LEDs require stable and consistent emission, i.e., retaining the 

wavelength emission despite the problem mentioned above.  

Indeed, the primary experimental strategy usually applied to provide stability in devices encompasses 

the use of additives, e.g. small organic molecules, surfactants, ionic liquids, zwitterionic molecules. 

However, the main setback of this approach is the hampering of the electrical properties and the 

creation of interface barriers for electrical conduction. On the other hand, we strongly believe that the 

lattice stabilization induced by LHP doping will be one of the most promising alternatives for 
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overcoming these limitations and it will catalyze the efforts of the scientific community in the next 

years. As evidenced in paragraph 2, the “try and error” approach has been the most applied to reach 

the present established goals. A reverse approach, based on the design in-silico of new LHPs will 

likely play a prominent role in the next future. Nowadays, computational techniques based on DFT 

provide an accurate description of the properties of LHPs at the microscopic level and at reasonable 

computational costs. Such techniques can be thus applied as screening methods to design effective 

doping strategies aimed to improve the stability and the performances of LHPs in optoelectronic 

devices. Furthermore, by exploiting the increasing computer power and algorithms efficiencies, 

computational modelling opens the possibility to generate large datasets of LHPs structures and 

properties. The analysis of these datasets by statistical tools based on machine learning will allow to 

uncover new structure – properties relationships, by opening the way to a data-driven design of novel 

LHPs with targeted properties.[254,255] 

On the other side, in the future, there will be large room for the boosting of those technologies 

currently not at the focus of LHP scientific community attention, in which the many possibilities of 

exogenous/endogenous LHP modification will become essential.  

For example, thermoelectric LHP-based materials promise to increase the range of PVK energy 

harvesting applications.[256] Besides the possibilities given by coupling tandem photovoltaic and 

conventional thermoelectric devices[257,258] exploiting the heat accumulated on the solar cell during 

operation, theoretical calculations on LHP materials proved that these could work as thermoelectric 

harvester as well as solar cell,[259] paving the way to a new range of devices optimized both for 

photons and phonons harvesting. 

Furthermore, the photocatalytic applications are extremely promising (through the integration into 

MOFs or other scaffolds),[11] as well as the fabrication of electrically pumped lasers,[260] the 

development of LHP-based thermoelectric materials,[256] the realization of highly selective sensors 

and photo-rechargeable LHP-based batteries.[261] These are only a few examples of applications of 

LHP that will skyrocket within the next years.  
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One field that will capitalize on the use of LHPs is that of quantum technologies: LHP-based 

spintronics is gaining a high-interest thanks to the recent discoveries of magneto-optical 

effects,[262,263] which may in perspective be coupled with the use of magnetic dopants and be used 

as ultrafast switch or memories. Similar to the progression observed for II-VI QDs, we expect to see 

a rise in interest for doped-LHP spintronics. Finally, the quest for LHP-based single-photon emitters 

having a nearly perfect optical coherence has reached its goal with CsPbBr3 NCs, opening to the 

creation of entangled photon pairs, [264] and future research will expand these results to other pure 

and mixed halides, and possibly to doped NCs. Lastly, an improved coupling with organic and 

inorganic materials will also boost the pursuit of strong exciton-photon coupling in LHPs. [DOI: 

10.1002/adma.201804894] These advancements will facilitate groundbreaking applications of this 

such as ultralow‐threshold polariton lasers, slowing‐light devices and quantum light sources, thereby 

suggesting that the fields of coherent light sources and polatonic media could be the next big thing 

for LHPs.  
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