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Abstract 

Photon-recycling by multiple reabsorption-emission is responsible for the long-range energy 

transport in large crystals and thick films of lead halide perovskites, resulting in red-shifted 

and delayed emission. Apart from such a radiative process, nonradiative energy transfer 

influences photon recycling in perovskites with close-packed donor-acceptor type states. In 

this study, we report the role of nonradiative energy transfer on photon-recycling in 

piezochemically synthesized and close-packed pure and mixed halide methylammonium lead 

perovskites. Here the pressure applied to precursors of perovskites helps us to synthesize and 

close-pack perovskite crystallites into pellets. Nonetheless, interestingly, we find that the 

applied pressure redistributes the emission maxima or band-gap of these perovskites. The 

temporally- and spectrally- resolved photoluminescence from the mixed halide sample 

unveils nonradiative energy transfer from a higher (bromide) to a lower (iodide) band-gap 

domains, where the rate of relaxation of the bromide domain is higher than that of pure 

bromide perovskite. These results help us to confirm the role of nonradiative energy transfer 

on photon-recycling in perovskites.  
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1. Introduction 

The solution processability, brilliant luminescence, and high carrier mobility make lead 

halide perovskites attractive for lighting1-7 and light-harvesting applications.8-11 In this frame, 

record-breaking long-range carrier diffusion and high-power conversion efficiencies are 

demonstrated using high-quality crystals and close-packed films of halide perovskites.1,2,4,5,10-

13 However, when the material thickness becomes considerably large, reabsorption of emitted 

photons by the sample itself takes place.14  Owing to the high internal quantum yield and a 

large absorption-emission spectral overlap in a perovskite film or crystal, the emitted photons 

re-excite the sample, resulting in re-emission. Such a phenomenon of multiple self-absorption 

and re-emission is called photon recycling which enables photons to cascade through a 

perovskite sample and as the result, the low energy photons are emitted at locations away 

from the point of photoexcitation.15-22  

In lead halide perovskites, photon-recycling was first demonstrated in methylammonium 

lead iodide (MAPbI3) single crystals by Yamada et al.15 which was by time-resolved PL 

measurements under one- and two-photon excitations. Later, the process of photon-recycling 

was also shown in the thick crystals of methylammonium lead bromide (MAPbBr3) and 

methylammonium lead chloride (MAPbCl3) by Kanemitsu and coworkers.16,20 Similarly, 

Friend and coworkers17 have shown an increase in the excited-state population in a MAPbI3 

perovskite solar cell, which is due to photon-recycling, allowing for high open-circuit voltages. 

They emphasized that the long-range energy transport is not only limited to a carrier diffusion 

length but also occurs through repeated recycling between photons and electron-hole pairs. On 

contrary, Fang et al.23 have reported very small photon-recycling efficiencies (<0.5%) in 

MAPbBr3 and MAPbI3 perovskite microcrystals, underscoring the intrinsically long carrier 

recombination lifetime instead of photon propagation mediated by photon-recycling. However, 



they did not exclude the possibility of photon-recycling in polycrystalline films of perovskites. 

Recently, Gan et al.22 have confirmed photon-recycling as the dominant process responsible 

for the red-shifted and delayed emission in two-dimensional lead halide perovskites, where the 

interplane carrier migration is highly suppressed by the multi-quantum-well structure. They 

also revealed that, in a three-dimensional bulk MAPbBr3 perovskite single crystal, the carrier 

migration contributes to the energy transport process; however, the contribution is negligibly 

small at a distance beyond the diffusion length. These studies show that photon-recycling and 

charge-carrier migration are two important phenomena which influence PL and carrier 

dynamics in lead halide perovskites. Besides, a nonradiative energy transfer through the 

distributed energy states among different crystalline domains in close-packed perovskite 

structures should also be considered. Some studies have shown energy transfer among lead 

halide perovskite nanocrystals of different sizes or compositions which exhibit different band-

gaps in the film,24 aggregate,25 or colloidal solution state.26 However, the role of nonradiative 

energy transfer on photon-recycling in close-packed perovskite structures is yet to be clarified. 

It is obvious that the efficiency of energy transfer in such structures should depend upon the 

degree of close-packing and the composition of the crystallites. In this regard, the preparation, 

processing and close-packing of perovskites become important.     

So far, close-packed lead halide perovskites are realized in the form of single 

crystals,1,2,4,5 nanocrystals self-assembly,10,11 films,12,13,17,24 and clusters,25,27 where the 

samples are synthesized by the wet-chemical routes. The solvent plays essential roles on the 

morphology, growth, and stability of the perovskite structure. Though wet-chemistry renders 

high-quality perovskite films and crystals, dry solvents and inert atmosphere are essential 

since moisture and oxygen affect the optical properties of perovskites.28,29 Mechanochemical 

synthesis is a solvent-free method for the synthesis of perovskites, which involves direct 

grinding or ball-milling of precursors.30-33 While the mechanical force is a major driving 



parameter in the solid-state reaction among perovskite precursors, pressure is another major 

thermodynamic parameter that influences the formation and stability of perovskite lattices.34 

Although studies on the effect of pressure on the electro-optical properties and the crystal 

structures of perovskites are carried out,35-37 piezochemical synthesis is an overlooked subject 

in chemistry. In this work, the term ‘piezochemistry’ is defined as the chemical change, 

reaction or modification resulting from the application of mechanical stress or pressure. 

Furthermore, in close-packed perovskites, energy transfer through the distributed states is 

significant, the role of which on photon-recycling is yet to be rationalized. Here, we report 

efficient nonradiative energy transfer among piezochemically synthesized and close-packed 

lead halide perovskite crystallites. In the study, we introduce piezochemical synthesis to 

prepare close-packed pristine methylammonium lead halide [MAPbX3 (X=Cl, Br, I)] 

perovskites, and the method is further extended to mixed bromide-iodide (MAPbBr3-xIx) 

heterojunction perovskites.  

2. Experimental Methods 

For the piezochemical synthesis of lead halide perovskites in the form of pellets, we used 

the following precursors as received. Methylamine hydrochloride (MACl, TCI, >98.0%), 

methylamine hydrobromide (MABr, TCI, >98.0%), methylamine hydroiodide (MAI, TCI, 

>98.0%), lead (II) chloride (PbCl2, Sigma-Aldrich, 98%), lead (II) bromide (PbBr2, Sigma-

Aldrich, ≥98%), and lead (II) iodide (PbI2, Sigma-Aldrich, 99%).  

2.1 Piezochemical synthesis of MAPbX3 (X=Cl, Br, I) and mixed bromide-iodide 

(MAPbBr3-xIx) heterojunction perovskites 

In typical synthesis of a MAPbX3 perovskite, PbX2 (1.35 mmol) and MAX (1.25 mmol) 

were crushed separately into fine powder, which was by using a hand mortar, and thoroughly 

mixed by flipping the vial up and down. The precursor mixture was filled inside a silicon 



chamber (20 mm in diameter) placed on a metal plate, which was followed by applying 

pressure using a brass rod tip in a hydraulic jack. After 30 min, the pressure was released to 

obtain a disk-shaped perovskite pellet. We employed different pressures (1.2 GPa, 2.4 GPa, 

3.6 GPa, 4.8 GPa, or 6 GPa) and identified the optimum pressure for the synthesis. The 

amounts of chemicals used during the reactions are tabulated in Table 1. 

Table 1. The amount of chemicals used in the piezochemical synthesis of MAPbX3 

(X=Cl, Br, I) and mixed bromide-iodide (MAPbBr3-xIx) heterojunction perovskite 

pellets. 

 

The piezochemical synthesis method was extended to obtain a mixed bromide-iodide 

(MAPbBr3-xIx) heterojunction perovskite. In typical synthesis, we thoroughly mixed the 

precursors PbBr2 (0.75 mmol), CH3NH3Br (0.75 mmol) and PbI2 (0.25 mmol) [for the 

calculated amounts of precursors, see Table 1].  To this precursor mixture, a pressure of 2.4 

GPa was applied to obtain a mixed bromide-iodide heterojunction perovskite pellet.  

2.2 Characterization of perovskite samples 

Optical characterization of perovskite samples was carried out by measuring the 

reflectance spectra using a UV-Vis spectrophotometer (Evolution 220, Thermo Fischer 

 

S.N. Samples Precursor 
salts 

Amount  
mg (mmol) 

1. MAPbCl3 PbCl2 375 (1.35) 

MACl 85 (1.25) 
2. MAPbBr3 PbBr2 500 (1.35) 

MABr 140 (1.25) 
3. MAPbI3 PbI2 622 (1.35) 

MAI 199 (1.25) 
4. MAPbBr3-xIx PbBr2 275 (0.75) 

MABr 84 (0.75) 
PbI2 115 (0.25) 



Scientific). Tauc plots were constructed from the reflectance spectra to estimate the band-

gaps of the samples.  

To characterize the crystalline phase of perovskites, powder X-ray diffraction (XRD) 

measurements were carried out in an X-ray diffractometer (RINT 2200, Rigaku), and the 

obtained XRD patterns were compared with the reference spectra in the literature and 

confirmed the perovskite structures. The samples for XRD measurements were prepared by 

crushing the perovskite pellets into fine powder and drying it under vacuum for 5 h. For each 

measurement, about 30 mg of powdered perovskite sample was used.  

2.3 Time-resolved PL spectroscopy  

Time-resolved PL spectroscopy was used to study the PL properties of perovskite pellets 

and the mechanism of energy transfer in them. The excitation light for time-resolved PL 

measurements was 400 nm femtosecond pulses (150 fs) generated from the second harmonic 

generator (SHG) crystal of an Optical Parametric Amplifier (Coherent OPA 9400). The OPA 

was pumped at 200 KHz with the amplified femtosecond pulses from a Regenerative 

Amplifier (Coherent RegA 9000), which was seeded by the 800 nm pulses from a mode-

locked oscillator (Coherent Mira 900). Spectrally- and temporally- resolved photons were 

recorded using an assembly of a polychromator (model 250IS, Chromex) and a photon-

counting streak-camera (model C4334, Hamamatsu). A schematic illustration of the optical 

setup for the time-resolved PL micro-spectroscopy is shown in Figure 1. 



 

Figure 1. Optical setup for the time-resolved PL micro-spectroscopy.  

The PL signals from the perovskite samples deposited on a glass substrate in an inverted 

microscope (Olympus IX70) were passed through an objective lens (40×, NA 0.60, Olympus 

UmPlan), filtered through a 440 nm long-pass filter, and focused using a lens at the entrance 

slit of the polychromator (Figure 1). The signals were detected using the streak-camera. For 

the power-dependent PL studies, the laser power was varied by using neutral density filters. 

3. Results and Discussion 

The scheme for the piezochemical synthesis of lead halide perovskites is shown in Figure 

2a. Disk-shaped perovskite pellets of thickness ca 1 mm and diameter 20 mm are obtained by 

applying a hydraulic pressure of 2.4 GPa to a solid and homogenous mixture of precursor 

salts for 30 minutes. Figure 2b shows the photographs of MAPbCl3, MAPbBr3, and MAPbI3 

perovskite pellets which were prepared by the piezochemical synthesis. During the synthesis, 

the hydraulic pressure acts as a driving force for the chemical reaction of perovskite 

precursors. While the earlier reports demonstrate the effect of applied pressure on  



 

Figure 2. Piezochemical synthesis and close-packing of MAPbX3 (X=Cl, Br, I) 

perovskites. a) Scheme of synthesis and b) photographs of (i) MAPbCl3, (ii) MAPbBr3, and 

(iii) MAPbI3 perovskite pellets.  

the PL properties of perovskites,35-37 to our knowledge, this is the first time we are 

demonstrating the piezochemical synthesis of lead halide perovskites. We hypothesize that in 

the piezochemical synthesis, the applied pressure helps to transform the edge-sharing 

orthorhombic PbX2 chains into corner-sharing PbX6 octahedra, which is assisted by the 

pressure-induced deformation of MAX, leading to the transfer of halide ion to form the 

octahedra. In parallel to the reorganization of halide ion and PbX2 into the corner-sharing 

octahedra, MA+ is pushed into the space between the octahedra to form stable perovskite 

structure. 

To characterize the crystal structure of perovskites, we carried out X-ray diffraction (XRD, 

Figure 3a) analyses. The XRD pattern of MAPbCl3 reveals cubic crystalline phase, consistent 

with the phase of crystals prepared by wet chemical methods.7,38 In the case of MAPbBr3, the 

XRD data reveal a mixture of cubic and orthorhombic phases. The Bragg’s diffraction peaks 

of MAPbBr3 at 14.90°, 21.18°, 30.13°, 33.83°, 37.15°, 43.14° and 45.93°, respectively 

2.4 GPa

a

(i)                              (ii)                         (iii)b



correspond to100, 110, 200, 210, 211, 220 and 300 crystal planes of the cubic phase.39,40 The 

existence of orthorhombic phase is confirmed by the splitting of a diffraction peak at 30.13° 

(200 crystal plane) and the appearance of a new peak at 30.56° (121 crystal plane).39,41 

MAPbI3 perovskite shows tetragonal crystalline phase with characteristic diffraction peaks at 

13.99°, 19.86°, 23.46°, 24.48°, 28.36°, 31.79°, 34.29°, 34.95°, 40.56°, and 43.08°.42 The 

corresponding crystal planes are respectively 110 or 002, 112, 211, 202, 004 or 200, 114 or 

222, 024, 312, 224 or 040, and 314 or 330.  

 

Figure 3. Characterization of MAPbX3 (X=Cl, Br, I) perovskites. a) Powder XRD pattern, 

b) PL spectra, and c) the Tauc plots of (i) MAPbCl3, (ii) MAPbBr3, and (iii) MAPbI3 

perovskite pellets.  

We investigate the optical properties of MAPbX3 perovskite pellets using PL and UV-Vis 

reflectance spectroscopic techniques. The PL spectra (Figure 3b) show characteristic blue (ca 

450 nm), green (ca 560 nm) and near infrared (NIR, ca 760 nm) emission peaks of MAPbCl3, 
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MAPbBr3 and MAPbI3 perovskites, respectively. The variation of emission wavelength is 

correlated with the change in optical band-gap of the perovskites. We obtained the band-gaps 

of MAPbX3 perovskites from the Tauc plots (Figure 3c). The band-gap values for MAPbCl3, 

MAPbBr3, and MAPbI3 are 2.90, 2.20, and 1.49 eV, respectively. The decrease in band-gap 

in the order Eg(MAPbCl3) > Eg(MAPbBr3) > Eg(MAPbI3) is consistent with the PL red-shift, 

which can be assigned to the enhanced spin-orbital coupling (SOC) by changing the halide 

composition from Cl to Br to I.43-46 Apart from the halogen-induced red-shift, the PL maxima 

of these pellets are further red-shifted when compared to the nanocrystal counterparts.3 Also, 

the pellets show low PL intensity. These red-shifted and low intensity PL bands suggests 

considerable reabsorption of emitted photons in such thick pellets, which is similar to the 

photon-recycling process observed in thick films and large single crystals of perovskites.14-22 

Although the PL intensity from the thick pellets was extremely low, which is due to the 

repeated nonradiative relaxation throughout the repeated reabsorption and nonradiative 

energy transfer processes, isolated crystallites in the pellets were brilliantly luminescent 

(Supporting Information, Figure S1).  Further, the Tauc plots of MAPbX3 perovskites in 

Figure 3c show low energy tails, which is attributed to the heterogeneity of the samples 

induced by the applied pressure. We firmly believe that such heterogeneity in the structure or 

packing of the perovskite crystallites introduces distributed energy states or bands in the 

pellets. Also, we do not rule out the scattering of excitation light by crystallites of perovskites 

and unreacted precursors. 

To rationalize the mechanism of photon-recycling through the distributed bands, we 

prepared close-packed mixed bromide-iodide (MAPbBr3-xIx) heterojunction perovskites by 

the piezochemical synthesis. Based on the band-gaps, we consider the bromide-rich domain 

to be the energy donor and the iodide-rich domain to be the energy acceptor. To evaluate 

energy transfer from the bromide- to iodide- rich domains, we recorded time-resolved PL at 



the heterojunction. Figure 4a shows the microscopic PL image of a heterojunction perovskite 

pellet, and the PL spectra recorded at the bromide- and iodide-rich domains are shown in 

Figure 4b. As seen in Figure 4a, the pellet has bromide-rich (green), iodide-rich (NIR), and 

mixed bromide-iodide (red) domains. The distinct bromide- and iodide- rich domains help us 

to discuss photon-recycling in terms of energy transfer. As we move from the bromide- to 

iodide- rich domains, the intensity of the band ca 550 nm becomes smaller and smaller, 

which is accompanied by higher and higher intensity emission ca 750 nm (Figure 4b).  

Nonetheless, difference in the ratio of composition of bromide and iodide across different 

heterojunctions cannot be ruled out based on the PL intensity variations in these regions. 

 

Figure 4. Photon-recycling through nonradiative energy transfer in a mixed bromide-

iodide (MAPbBr3-xIx) heterojunction perovskite. a) PL image of a MAPbBr3-xIx perovskite 

pellet. The image size is 100 µm x 100 µm. b) PL spectra of a MAPbBr3-xIx perovskite pellet 

collected from (green) bromide-rich and (red) iodide-rich domains. c) PL decay profiles of (i) 

pristine MAPbBr3 and (ii) a bromide-rich domain in a mixed bromide-iodide (MAPbBr3-xIx) 

perovskite pellet. The two decays were collected in the 500-575 nm region. Inset: PL decay 

profiles of a bromide-rich and an iodide-rich domain.  

To further confirm energy transfer from bromide- to iodide- rich domains, we examined 

the PL decay profiles of a donor at the heterojunction and compared it with that of pristine 

MAPbBr3 (Figure 4c).  Interestingly, the PL lifetime of a green-emitting domain is much 
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shorter (ca 1.77±0.33 ns) than that of pristine MAPbBr3 (ca 15.56±3.89 ns), indicating that 

the iodide-rich domain plays an important role on the deactivation of photoexcited bromide-

rich domain. Photon-recycling by reabsorption of emitted photon cannot account for the 

decreased PL lifetime of the donor. Based on these PL lifetime values, an efficient 

nonradiative energy transfer from the bromide- to iodide- rich domains is apparent. The 

energy transfer from a wide band-gap bromide-rich domain to a narrow band-gap iodide-rich 

domain is further supported by the PL rise shown in the inset of Figure 4c. Precise evaluation 

of the PL rise time is hindered by the emission from directly-excited iodide-rich domain. 

Here the PL decay becomes faster with increase in intensity of the excitation light, which is 

due to an increase in the amplitude of intrinsic emission from the iodide-rich domain. The 

excitation laser intensity-dependent PL decay profiles of bromide- and iodide- rich domains 

are shown in the supporting information (Figure S2). On the other hand, the mixed bromide-

iodide domain is not clearly observed in the PL spectra (Figure 4b) which suggests that the 

mixed halide domains act as both the acceptor for the bromide-rich domain and the efficient 

donor for the iodide-rich domain. In other words, the mixed halide domain mediates efficient 

energy transfer to the acceptor.  

We estimated the rate of nonradiative energy transfer in mixed bromide-iodide 

(MAPbBr3-xIx) heterojunction perovskites by comparing the PL lifetimes of pristine 

MAPbBr3 perovskite with the bromide-rich domain of the heterojunction using equations 1 

and 2 as follows: 

𝜏𝜏0 =
1

𝑘𝑘𝑟𝑟 + 𝑘𝑘𝑛𝑛𝑟𝑟
                                                                                                                                       (1) 

𝜏𝜏 =
1

𝑘𝑘r + 𝑘𝑘nr + 𝑘𝑘et
                                                                                                                              (2) 



where, τ0 and τ are the PL lifetimes of a pristine MAPbBr3 perovskite pellet and green-

emitting (bromide-rich) domain at the heterojunction, respectively; kr and knr are the rates of 

radiative and nonradiative relaxations, respectively; and ket is the rate of energy transfer.  

 

Figure 5. A scheme of photon-recycling and energy transfer in a mixed bromide-iodide 

heterojunction perovskite pellet. 

From τ0 (15.56 ns) and τ (1.77 ns), the rate of energy transfer is estimated at 5x108 s-1 which 

is one order of magnitude higher than the rate of carrier recombination (radiative and 

nonradiative) in pristine MAPbBr3 (1/τ0=6x107 s-1). Here, the reabsorption of emitted photons 

does not add any additional path for the deactivation of the excited state in a mixed bromide-

iodide heterojunction perovskite. Thus, a considerably decreased τ and a high ket value show 
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that nonradiative energy transfer plays a key role on photon-recycling process in perovskites. 

Although ket is discussed in terms of energy transfer, the contribution of interdomain charge  

migration or electron transfer is not ruled out.   

Despite the fact that the emitted photons contribute to photon-recycling, the above results 

clearly show that the role of nonradiative energy transfer on photon-recycling should be 

considered alongside. Various radiative and nonradiative processes involved in photon-

recycling are summarized schematically in Figure 5. The valance and conduction bands of the 

bromide-rich donor and the iodide-rich acceptor are shown to the left and right parts of the 

scheme, respectively, and the energy bands formed due to halogen exchange or mixed-halide 

formation at the interface are shown in between. Here, the band-gap of a mixed halide 

domain is intermediate between the bromide-rich donor and iodide-rich acceptor. During 

photoexcitation, the photons absorbed by all the three domains across the heterojunction 

undergo various radiative and nonradiative relaxations. In addition, some of the emitted 

photons are reabsorbed and emitted again. Nevertheless, when nonradiative energy transfer 

overcomes the inter-band radiative relaxation, the excited state of the donor is depopulated by 

efficiently transferring the energy to the mixed halide or iodide domain. As discussed 

previously (in Figure 4), the mixed-halide region helps to funnel the energy efficiently from 

bromide- to iodide- rich domains, but without undergoing radiative relaxation.   

The efficiency of nonradiative energy transfer depends upon the degree of close-packing. 

We estimate the efficiency of nonradiative energy transfer in the heterojunction perovskite 

pellet synthesized at a pressure of 2.4 GPa, which is using the equation 3, 

η=1-τDA/τD                                                                                                                               (3)  

where, η is the efficiency of energy transfer, τDA is the PL lifetime of donor (Br-rich domain) 

in the presence of acceptor (I-rich domain) and τD is the PL lifetime of donor in the absence  



 

Figure 6. The pressure-dependent PL spectra of MAPbBr3 perovskite pellets. 

of acceptor (pristine MAPbBr3 pellet). For τDA=1.77 ns and τD=15 ns, we estimate η at 0.88, 

which is quite high and supports the the role of efficient nonradiative energy transfer in 

photon-recycling in heterojunction perovskites. Besides, we also synthesized MAPbBr3 

perovskite pellets by applying in-situ pressures of 1.2, 3.6, 4.8 and 6.0 GPa, the PL spectra of 

which, along with that synthesized at 2.4 GPa, are given in Figure 6. Initially, a red-shift of ca 

90 meV in the PL maximum with spectral narrowing is observed, which was upon increasing 

the pressure from 1.2 (full width at half maximum, FWHM=34 nm) to 2.4 (FWHM=23 nm) 

GPa. These changes are attributed to the Pb-X-Pb bond-length compression. Beyond 2.4 GPa, 

a blue-shift of ca 120 meV in the PL maximum and an increase in spectral broadening 

(FWHM=34 nm) are detected up to 4.8 GPa. This is ascribed to the octahedral tilt, which is 

the deviation of Pb-X-Pb bond-angle from the ideal value of 180° in the cubic cell lattice. At 

the maximum applied pressure of 6.0 GPa, further spectral broadening (FWHM=38 nm) and 

red-shift of ca 30 meV in the PL maximum are observed, suggesting the disordering of 

 

 

                                               

 

 

 

 

 

 



organic cation and amorphization of the perovskite lattice. The pressure-dependence of PL 

spectra in perovskite pellets is due to the enhancement and weakening of SOC as the result of 

compression of Pb-X bond and shrinkage of Pb-X-Pb bond-angle, respectively.35-37 Here, a 

huge shift of (ca 120 meV) PL spectra towards higher energy region in the pressure range of 

2.4 to 4.8 GPa suggests that the pressure has affected the octahedral tilting of the perovskite 

lattice, which alters the band-gap and PL maximum through the weakening of SOC. In 

closed-packed perovskite crystals with closely-spaced bandgaps, such a shift in PL influences 

the spectral overlap integral and the efficiency of energy transfer.  

In summary, by the piezochemical synthesis and close-packing of lead halide perovskites, 

we demonstrate the role of nonradiative energy transfer on photon-recycling in them. We 

synthesized pristine MAPbX3 (X=Cl, Br, I) and mixed bromide-iodide (MAPbBr3-xIx) 

heterojunction perovskite pellets by applying a hydraulic pressure to their powdered 

precursors. We analyzed the role of energy transfer in photon-recycling in these perovskite 

samples. From the fast deactivation of the excited state of the donor (bromide-rich domain) 

and the associated delayed emission from the acceptor (iodide-rich domain) across the 

heterojunction, we confirm the role of nonradiative energy transfer on photon-recycling in 

these systems. Our studies suggest that not only repeated absorption and emission but also the 

nonradiative energy transfer among the distributed energy states contributes significantly to 

the photon-recycling process in thick, close-packed perovskites.  

Keywords: Piezochemistry, heterojunction perovskites • photon-recycling • energy-transfer • 

solid-state synthesis 
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