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Photon recycling and carrier diffusion are the two plausible processes that primarily affect the carrier 

dynamics in halide perovskites, and therefore the evaluation of the performance of their photovoltaic 

and photonic devices. However, it is still challenging to isolate their individual contributions because 

both processes result in a similar emission redshift. Herein, we confirm that photon recycling is the 

dominant effect responsible for the observed redshifted emission. By applying one- and two-photon 

confocal emission microscopy on Ruddlesden−Popper type two-dimensional (2D) perovskites, of 

which inter-plane carrier diffusion is strictly supressed, the substantial PL redshift (72 meV) is well 

reproduced by the photon transport model. A comparison of 3D bulk CH3NH3PbBr3 single crystal to 

2D perovskite by depth resolved two-photon PL spectra reveals the contribution of carrier diffusion on 

energy transport at a distance beyond diffusion length is constantly negligible, though the carrier 

diffusion indeed exists in the 3D crystal. Our investigation resolves the fundamental confusion and 

debate surrounding the issue and provides significant insights into carrier kinetics in perovskites, which 

is important for future developments in solar cells and other optoelectronic devices. 

 

 

1. Introduction 

The emerging lead halide perovskites have attracted enormous attention due to their excellent 

performance in optoelectronic applications, such as solar cells,1-7 light emitting devices (LEDs),[8-10] 

photodetectors,[11-13] and lasers.[14-17] Regarding the solar cells, the diffusion of photogenerated 

carriers and photon recycling are the two possible energy transport pathways that could affect the 

internal carrier dynamics and device performances.[18-21] Both processes may cause a similar 

influence in the external emission wavelength. Whereas, their influences on carrier lifetime, external 

photoluminescence (PL) quantum yield (QY), as well as open-circuit voltage (VOC) and efficiency of 

the solar cells are different.[18,19] Photon recycling refers to the regeneration of an excitation via the 

self-reabsorption of emission from recombining photo-generated charge pairs.[18] For solar cells, 

generally, the performance can be boosted by a highly efficient photon recycling process.[18-21] As 

demonstrated previously, photon-recycling will boost an additional open-circuit voltage (    
  ) 

according to,[20]      
          

 

       
 , where   is the Boltzmann constant, q is the elementary 

charge of an electron,    is the cell temperature,     is the internal quantum efficiency, and    is the 

probability of photon recycling. On the other hand, for LEDs, strong photon recycling implies a low 
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out-coupling probability (    ), which is detrimental for external efficiency. For example, an internal 

PL QY lower than 95% can result in an external PL QY lower than 50%.[18] Moreover the photophysics 

behind photon recycling and carrier diffusion are different. The high photon recycling efficiency 

generally requires a large overlapping of its PL spectrum with the absorption spectrum, a strong 

photon confinement, and a high-internal PL quantum yield.[18-20] While long carrier diffusion length is 

ensured by long carrier lifetime, high carrier mobility, and low defect density.[22-27] These two energy 

transport pathways imply different applications, therefore, it is crucial to evaluate the contributions 

of photon recycling and carrier diffusion in lead halide perovskites.  

In perovskites, very long diffusion lengths exceeding one micron in solution-fabricated films and 

hundreds of microns in single crystals have been reported,[22-27] enabling the radiative recombination 

of charge carriers at positions far away from the excitation spot. On the other hand, due to the 

highly efficient band-to-band transitions, large absorption coefficients, and small luminescence 

Stokes-shifts,[27-30] the recycling possibility of luminescence photons is also quite high.[18,19,30-38] 

Consequently, there has been a fierce debate whether carrier diffusion or photon recycling, 

dominates the energy transport and internal recombination processes in perovskites.[18,19,39-41] 

Friend’s group has claimed that photon recycling plays a pivotal role on power conversion 

efficiencies for both LEDs and solar cells.[18,19] On the other hand, Huang’s group suggested the role 

of photon recycling is minor, highlighting the intrinsically long carrier recombination lifetime instead 

of the photon-recycling-induced photon propagation as the origin of their long carrier diffusion 

length.[39-41]  

This debate was frequently investigated by the PL variation as a function of separation of 

excitation and emission position.[19,42,43] In these experiments, the excitation spot and emission 

collection position are different, thereby allowing photo-generated carriers or emission photons to 

travel internally before measurements. For example, when the excitation beam is irradiated on the 

front of a perovskite crystal, the PL emission spectra collected from the front and from the rear of 

the crystal are different, which is explained by the pure photon reabsorption process.[42] Tian et al 

measured individual single-crystal MAPbI3 (MA=CH3NH3) and MAPbBr3 nanowires (NWs) and 

nanoplates (NPs) using PL-scanned imaging microscopy with a galvano-mirror.[43] The excitation laser 

spot was parked in a specific position of the NWs and NPs, and the PL signal collection spot was 
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changed over the entire sample by rotating the galvano-mirror. Through monitoring the time-

resolved PL at different collection spots, carrier diffusion coefficient, charge mobility, recombination 

rate constants, and carrier diffusion length were determined based on a carrier diffusion model 

completely neglecting the photon recycling effect. Besides these two contrary explanations, in many 

other reports, both carrier diffusion and photon recycling are ambiguously included.[19,30,32-34] These 

reports claim that energy transport is not limited by diffusive charge transport but can occur over 

long distances through multiple re-absorption-diffusion emission events implying the repeated 

recycling between photons and electron-hole pairs.[19] In addition, the same physical effects were 

also intensively studied by the excitation depth dependent PL or cathode-luminescence and PL of 

perovskite with different thickness.[30-33] Very similar redshifts of the PL maximum were consistently 

observed.[30-33] Unfortunately, to date, conclusions based on the same observation are often 

conflicting, leading to an unresolved puzzle.[18,19,30-43] 

This controversy commonly exists in various perovskites and device studies. The confusion on 

this issue makes the photocarrier dynamics unclear and misestimation of conversion efficiency of 

perovskite based solar cells,[4,44] affecting the understanding of practical devices such as solar cells 

and LEDs. In particular, the long carrier diffusion length is regarded as a crucial parameter leading to 

the advanced photovoltaic properties of perovskite-based solar cells. However, misunderstandings 

may lead to incorrect insights, for example, the underestimation of photon recycling will result in an 

incorrect measurement of the intrinsic carrier diffusion parameters and internal recombination 

coefficients.  

 

 

2. Results 

 

2.1 Thickness dependent photoluminescence of 2D perovskite platelets 
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As shown in Figure 1a, in the carrier diffusion model, the excited carriers are generated at the 

excitation spot and then diffuse to other sites along the carrier gradient before radiative 

recombination.[19,30,32-34] A portion of the photogenerated electrons and holes may reach the PL 

collection site and recombine. During the diffusion, the excited carriers may lose a small amount of 

energy, resulting in a redshift of emission. While in the photon recycling model (Figure 1b), 

fluorescence photons are firstly emitted by the carrier recombination at the excitation spot and then 

propagate inside the perovskite.[18,19,30-34] The photon reabsorption-emission repeats over a long 

propagation distance, resulting in a reduced PL photon energy and intensity. It is worth noting the 

photon reabsorption without reemission, also known as inner filtering, should be distinguished from 

the photon recycling effect,[39] see discussion in Figure S1, Supporting Information (SI). Both carrier 

diffusion and photon recycling can occur in perovskite, but normally they lead to similar red-shifts in 

peak position, suggesting it is a formidable challenge to distinguish between these two 

photophysical processes, and to quantify the contribution of each effect.  

To address this challenge, a two dimensional (2D) perovskite (BA)2PbI4 (BA=CH3(CH2)3NH3) single 

crystal is investigated here using combinations of thickness/depth dependent steady state PL and 

time-resolved PL (TRPL) on confocal microscopy measurements. The Ruddlesden−Popper type 2D 

perovskites consist of well-defined inorganic perovskite layers intercalated with bulky 

butylammonium (BA) cations acting as spacers between these fragments (Figure 1c).[45-49] Structural 

characterization of the (BA)2PbI4, including transmission electron microscopic (TEM) images, selected 

electron diffraction, X-ray diffraction (XRD) pattern, and optical microscopy images can be found in 

Figure S2-4, SI. In this special multi-quantum-well structure, the carriers are therefore tightly 

confined in the 2D inorganic layers.[50] The excitons feature large binding energies and fast 
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recombination within the quantum-well, as validated previously.[51] It suggests the diffusion of 

photogenerated carriers in the direction perpendicular to the 2D plane is highly suppressed (Figure 

S5, SI). A confocal microscope set-up depicted in Figure 1d is used for measuring the PL spectra and 

TRPL decay in the transmission configuration, in which the excitation beam is perpendicular to the 

perovskite samples with various thicknesses and only emission at the focussed spot is collected by 

the detector via the objective due to the spatial selection of the confocal microscope. The two 

objectives are independently controlled to ensure the transmitted PL is largely acquired. Further 

details of the instrument setup can be found in Figure S6, SI. For such sample and detection design, 

the off-axis emission originating from carrier diffusion is negligible because of the filtering effect of 

the defocus signals by the confocal pinhole.  

The 2D perovskite platelets with different thicknesses (d) were fabricated by a mechanical 

exfoliation method and then selected by atomic force microscopy (AFM). Typical AFM images and 

corresponding PL spectra are shown in Figure 2a-f. All the exfoliated 2D perovskites are flat platelets 

with lateral sizes from several to tens of microns. When the thickness is about 51 nm, the PL peak 

appears at around 521.6 nm, with symmetric spectral shape, which can be well fitted by a Gaussian 

function (Figure 2g). As the thickness increases, a redshift in the PL peak wavelength is observed. The 

PL peak moves to 527.8 nm when the thickness is approximately 2.2 μm (Figure 2c,f). When the 

thickness increases to 30 μm and even bulk of 396 μm, further redshifted emission still can be 

observed. In addition, the profile of the PL spectrum becomes asymmetric. This observation is very 

similar to previous reports on 3D type perovskites (Table S1, SI),[19,30,31] implying our following 

conclusion is generally applicable. The quantum confinement caused PL redshift is excluded here 

because it has only been demonstrated in 2D perovskite materials with limited monolayers.[46] While 
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in our case, 2D perovskite materials with a large layer number are employed. As plotted in Figure 2h, 

the PL peak would continuously redshift to 538 nm with further increase of the thickness to ~396 μm 

(a bulk crystal).  

The absorption spectrum shown in Figure 3a is characteristic of direct bandgap excitation with 

a strong absorption above the band edge. The absorption coefficient (  ) is up to 104 cm−1, which 

rapidly decreases when the photon energy is below the excitonic transition. Based on the absorption 

coefficient, the effect of reabsorption through the thickness of the 2D platelet was calculated using 

the Beer–Lambert reabsorption model.[19,30,42] 

                      .                                   (1) 

where       is the initial emission spectrum without reabsorption,   is wavelength, and   is 

thickness. Herein, the Gaussian function fitted in Figure 2g is approximately regarded as      . The 

calculated PL spectra at different thicknesses are presented in Figure 3b. The emission spectra 

continuously red-shift and become asymmetric as the thickness increases, which is in good 

agreement with the experimental results. The dependences of the PL peak position on thickness are 

plotted in Figure 3c from both experimental and calculated results. The coincident relationships 

confirm that the observed PL redshift is mainly caused by the photon transport without carrier 

diffusion. Moreover, the photon recycling was further evidenced by PL measurements based on 

reflection mode (Figure S7, SI). And the existence of photon transport within the perovskites is 

directly visualized by waveguiding effects (Figure S8, SI). 

When the thickness is about 30 μm, a comparison of the experimental and calculated PL 

spectra is shown in Figure 3d. Although the peak positions are the same, the spectral shapes show 
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some discrepancies. In detail, the experimental spectrum matches well with the calculated one in 

the high energy range (500-530 nm), while the experimental spectrum shows a higher long tail 

extending to 600 nm. This inconsistency is likely caused by re-emission of photon recycling, which is 

not considered in the Beer-Lambert predictions. As discussed in Figure S1, SI, the experimentally 

collected emission includes both the filtered photons and recycled photons. 

The PL kinetics without photon recycling can be simply described by the following rate 

equation:[19,51] 

  

  
                                               (2) 

where n is the carrier density and t is time, G is the generation rate of the charge density, and the 

   ,     terms represent defect trapping (Shockley−Read−Hall recombination) and exciton 

recombination, respectively.[52] The radiative recombination of photogenerated carriers in multi-

quantum-wells structure 2D perovskites is dominated by excitons, thus it is a first-order term.[47,50] 

Due to the low Auger coefficient[51] and the low excitation power density used (0.375 W/cm2), here 

Auger recombination is negligible. When considering photon recycling, a photon density term    is 

added.[19] 

  

  
   

 

  
                                             (3) 

where c is the speed of light,    is the refractive index (Figure S9, SI).    is described as, 

   

  
            

 

  
                                            (4) 
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in which       is the probability of the photon staying in the platelets, and    is the probability that 

light will be emitted with a given wavelength. According to these equations, the photon-recycling 

process generates additional carriers leading to a measured PL lifetime longer than the intrinsic 

lifetime, which has been verified previously.[30,31,53,54]  

2.2 Depth dependent two-photon photoluminescence of 2D perovskite crystal 

In order to obtain more robust support from carrier lifetime, the depth dependent two-photon-

excitation PL (TPL) measurements are conducted, by using 960 nm femtosecond laser.[55] Since the 

two-photon absorption and thus TPL intensity is proportional to the square of instantaneous 

excitation intensity, the photocarriers are selectively excited at the focal point, where the excitation 

intensity is high enough,[30-32,34,55,56] implying the TPL signal can be collected at a high temporal and 

spatial resolution.[56] More details of the setup can be found in Figure S6, SI. As depicted in the inset 

of Figure 4a, by changing the focal plane of the excitation laser (960 nm), the TPL spectra are 

acquired as a function of depth (distance between the focal plane and surface). Obviously, photons 

emitted by radiative recombination will experience reabsorption before being acquired by the 

detector while propagation from the initial emitting spot (excitation spot) towards the surface 

(emission collection spot). As shown in Figure 4a and 4b, the PL peak gradually redshifts as the depth 

increases, due to the increasing number of photon recycling for the detected PL. The TPL spectra at 

depths of 1 and 30 μm are compared with the one-photon excited PL spectra from the same 2D 

perovskite with thicknesses of 0.7 and 30 μm, respectively (Figure 4c). The two independent 

techniques both confirm that the similar PL shift as a function of the distance/thickness between the 

excitation point and detection emission. The good coincidence of the TPL and PL spectra indicates 

the similar role of photon transport process in thickness dependent PL and depth dependent TPL. In 
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the TPL measurements, a high quality bulk crystal with a thickness close to one millimetre is 

investigated. Moreover, the photocarriers are directly generated in the interior region, where defect 

trapping is expected to be extremely low,[30,57-60] therefore the TPL decay exhibits a minor 

interference from defect trapping when obtained directly at different depths (     ). 

As shown in Figure 4d, the TPL lifetime increases with depth as expected (equation 3), 

confirming the active role of the photon-recycling process rather than the simple inner filtering (the 

TPL decay traces are shown in Figure S10, SI). The relationship between lifetime and depth is 

numerically fitted by the following equation developed by Yamada et al.,[30] in which a carrier 

diffusion term is absent. 

 

 
 

 

    
 (

 

    
 

 

    
)       

 

  
                                 (5) 

  is the depth,      corresponds to the TPL lifetime without the photon recycling effect, and      

corresponds to the limit of the TPL lifetime as   → ∞.     
  

         
, in which          .    is the 

photon propagation length which indicates the average distance travelled by emitted photons 

propagating through the sample,    is the fraction of reabsorbed photons.     is the internal 

luminescence yield, given by 

    
         

           
.                                                         (6) 

The fitting results give              ,              , and            .        , when 

assuming         according to the reference.[30] These results from the depth dependent TPL 

measurements are well consistent with the conclusion that photon recycling is the dominant 

contributor. 
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Consequently, the important role of photon recycling for the red-shifted emission is confirmed 

in 2D perovskites, but it is in the case of the absence of carrier diffusion. The contribution of carrier 

diffusion is investigated by the transmission-separated detection configuration illustrated in Figure 

5a. As explained in Figure 5b, the photon propagation lengths are almost identical when 

separation=0 and 15 μm. Thereby, the additional photon recycling repetition is negligible. It is 

reasonable no discernible redshift is added in this configuration according to equation (5). However, 

regarding the PL signal collected from the bottom, the channel for carrier diffusion is switched 

on/off by the in-plane separation, so that we can solely investigate the contribution of carrier 

diffusion by ignoring the photon recycling effect. If it is assumed in general 3D perovskites that 

carrier diffusion is the main pathway for energy transport and produces the redshifted PL with 

extended lifetime. When the carrier diffusion channel is switched on by the in-plane separation, the 

PL peak position and the TRPL collected at the bottom should significantly change, because the 

redshifted peak position and extended lifetime are the two indispensable features for the emission 

detected after energy transport. However, as shown in Figure 5c and d, no discernible changes can 

be observed in the PL peak position and TRPL at different separations (0-15 μm), indicating the 

carrier diffusion, when it indeed exists in general perovskites, scarcely contributes to the PL collected 

separated from the excitation spot.  

2.3 Depth dependent two-photon photoluminescence of 3D perovskite crystal 

We recheck the contribution of photon recycling in general 3D perovskites directly (Figure S11-

13, SI). The depth dependent TPL measurements are conducted on a MAPbBr3 single crystal. A 

similar emission redshift as a function of depth can be observed (Figure 6a and 6b). A comparison of 

the TPL peak positions between 2D perovskite and 3D MAPbBr3 crystal is presented in Figure 6c. The 
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relationships between peak position (    ) and depth are fitted by exponential decay curves, 

                     ⁄  , where         and      are the photon energies of the initial 

emission without redshift and the emission through a distance   → ∞, respectively (See details in 

Note S1, SI).             is acquired for 2D perovskites, approximately equal to the value 

acquired from TPL lifetime results. Interestingly, the 3D crystal exhibits a very close    of 11.04   . 

Since the photon recycling related parameters of MAPbBr3 and (BA)2PbI4 crystals are very similar, 

such as, bandgap (2.3-2.4 eV), absorption efficiency (   -        ),[42] internal PL QY (60-80%),[30,50] 

refractive index (ca. 1.7-2),[42] and intrinsic stokes-shift (90-100 meV).[42] It is logical to accept the 

photon recycling terms,    ,    of MAPbBr3 and (BA)2PbI4 crystals are very close, so they exhibit a 

similar    value without contribution from carrier diffusion. Even if supposing the contribution of 

carrier diffusion in the 3D crystal is not negligible,    is expressed as[30] √  
    

      ⁄ . 

However,    1.055    (See details in Figure S13, SI) is evidently smaller than    and   . Thus, 

√  
    

     suggests    is dominated by    and that the long-distance (>  ) transport of 

energy in 3D crystals is primarily realized by photon propagation, with prominent role of recycling 

but insignificant contribution from carrier diffusion. Furthermore, a comparison of the depth-

resolved TPL intensity between 2D perovskite and 3D MAPbBr3 crystal is presented in Figure S13, SI. 

They also exhibit very similar behaviour without apparent indication of carrier diffusion.  

2.4 Photoluminescence of cleaved 3D perovskite crystal 

Inspired by the 2D perovskite structure, one single 3D bulk MAPbBr3 crystal (thickness ~780 μm) 

is carefully cleaved into two pieces and then reattached together by an insulating and transparent 

polymethyl methacrylate (PMMA, ~10 μm) layer. As illustrated in Figure 7a, PL and TRPL are 
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measured before and after the cleavage via a transmission mode setup (Figure 1d). In this design, 

when focusing on energy exchange between the two separated pieces, the carrier diffusion is 

disabled while photon propagation is still allowable. Again, supposing the PL and the extended 

lifetime at the rear is purely produced by direct carrier diffusion without photon recycling, as 

illustrated in the left panel of Figure 7b, the fluorescent photons emitted from the left (L) crystal 

cannot re-excite the right (R) crystal. Thereby, fluorescence is simply filtered by the R crystal. And 

the decay becomes faster due to the reduction of diffusion distance from R+L to L after cleavage. As 

calculated by Beer–Lambert model, the PL band significantly redshifts and almost quenches by the 

filtering effect (Figure S14). However, as shown in Figure 7c, the PL intensity is a half after cleavage. 

Besides, both PL peak positions appear at 567 nm without divergence, evidently disagreeing with the 

carrier diffusion model. The PL lifetime increases after cleavage, which is also contrary to the 

assumed carrier diffusion model. Whereas, in the photon recycling model (right panel of Figure 7b), 

after cleavage, the additional reflection and scattering at rough interfaces lead to a longer optical 

path and more repetitions of photon recycling, as well as an elongated PL lifetime. The rough 

interface is evidenced in Figure S15. The partially supressed PL intensity is mainly caused by the 

optical loss at the interfaces. In simple words, if carrier diffusion is a dominant pathway, after 

cleavage, the PL at the rear should be extremely weak relative to the one before cleavage. However, 

if energy transport mainly through photon recycling, the cleavage has minor influence on PL from 

the rear. Apparently, the observation in Figure 7 is the latter case.  

3. Discussion 

More discussion on carrier distribution, carrier lifetime, and photon energy based on a pure 

carrier diffusion model are presented in Note S2, Figure S16,17, and Table S2, SI. We find that the 
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main experimental results from both 2D and 3D perovskites exhibit good consistency with the 

photon recycling model but deviate considerably from the pure carrier diffusion model. Note that 

high internal PL QY (   ) is critical for intensive photon recycling.[18,20,30] It is generally accepted that 

2D perovskite has a quite high     due to strong quantum confinements and large exciton binding 

energy.[50] The reported external quantum yields are as high as 60%-88%.[61,62] The internal QY is 

expected to approach unity. Here, the external PL QY (   ) of our 2D lead halide perovskite crystal is 

measured to be 23.5%. The     is roughly estimated to be about 0.7 according to      

       
 

   
   

                 
, which is close to the value acquired from lifetime by equation (6).    and    are 

average absorption coefficient and absorber thickness, respectively.                  is the loss 

factor.    (ca.1.7) is the average refractive index.[63] Yamada et al have verified          is 

sufficient for intensive photon recycling.[30] As demonstrated by Abebe et al,[20] when     is higher 

than 0.3, efficient photon recycling is expected, even adequately enhancing the open-circuit voltage. 

Absorption coefficient, Stokes-shift and refractive index are also vital parameters determining the 

degree of photon recycling. The evident waveguiding effect (Figure S6), high refractive index (Figure 

S7) and entire overlaps between emission and absorption spectra (Figure S18) suggest photon 

recycling is much easier in perovskites compared to other conventional semiconductors.  

Obviously, the carrier diffusion and photon recycling cannot be strictly separated in the 3D 

perovskites. When emission is reabsorbed in the interior, carriers are re-generated, resulting in a 

redistribution of carriers locally. Nevertheless, based on the solid evidence presented and the 

discussion, we emphasize in this work that the observation of PL separated from the excitation spot 

is mainly realized by photon transport instead of pure carrier diffusion. It should be noted the 

clarification of this issue is very crucial for the correct evaluation of carrier dynamics and thus the 
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performance of perovskite based photovoltaic and photonic devices. As demonstrated, ignoring 

photon recycling may lead to a serious underestimation of the open-circuit voltage (measured 

value> theoretical value).[20,64] Moreover, one of the most important factors proposed for the high 

efficiency of perovskite solar cells is their long carrier diffusion length. An insufficient understanding 

of the dominant role of photon recycling will result in an overestimation of the intrinsic carrier 

diffusion length (measured value> the intrinsic value). For the same MAPbBr3 crystal investigated in 

this work, if the PL lifetime is measured by reflection mode, carrier diffusion length (  ) is no longer 

than 1.055   , whereas             if carrier lifetime is measured by transmission mode 

(            ) due to photon recycling. Importantly, even for common reflection geometry, 

photon recycling is also involved.[20,39] The “long” carrier diffusion lengths of perovskites include a 

significant contribution from photon recycling. In other words, the photon recycling should be 

carefully excluded in all the measurements of intrinsic carrier lifetime/diffusion length by an optical 

method.  

Our finding also will benefit the device designs and improvements. For solar cells, carrier 

diffusion and photon recycling imply different impacts on open-circuit voltage. Previous calculations 

revealed photon recycling will induce an additional open-circuit voltage value up to 240 mV.[20] 

Whereas, high diffusion coefficients may reduce VOC in the presence of nonradiative surface 

recombination.[65] However, regarding LEDs, highly efficient photon recycling generally implies a low 

out-coupling probability, which is a bottleneck for light output. Currently, the lack of awareness on 

the dominant role of photon recycling, resulting in a neglect of photon out-coupling effect, thus 

hinders the developments of LEDs. For example, although much effort has been made, the state of 

art external quantum efficiencies (EQEs) of 2D perovskites based LEDs are only around 10%,[10,62,66] 
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which are remarkably lower than EQE of CdSe–CdS core–shell quantum dots (20.5%).[67] Until very 

recently, the EQE of perovskites based LED is largely improved to 20.7% via enhancing the extract of 

the trapped light.[68] In other optoelectronic devices, such as luminescent solar concentrators, 

photon recycling is also a pivotal factor should be considered.[69] To make our conclusions convincing 

while keep the paper readable, more discussion are presented in Note S3, SI.  

 

4. Conclusion 

 

In summary, a common controversy in the photophysics of perovskites has been addressed in 

this work. To date, in order to explain the special properties of the perovskites, carrier diffusion or 

photon recycling, or both are adopted to describe the dynamics of carriers, leading to a considerable 

confusion. In this work, firstly, the Ruddlesden−Popper type perovskite, where inter-plane carrier 

diffusion is negligible due to the intercalation with organic spacers, is investigated. Nevertheless, a 

remarkable PL redshift still occurs in the vertical direction with increasing thickness, which is 

generally explained by the photon transport. An ordinary 3D perovskite has been comparatively 

studied by the depth-resolved TPL spectra. Compared to carrier diffusion, photon recycling is a 

dominant photophysical process that accounts for the experimental observations and long-distance 

energy transport in both 2D and 3D halide perovskites. The clarification of this issue will have 

significant impact on the mechanistic understanding, and future development of photovoltaics, LEDs 

and diverse other optoelectronic devices based on perovskites. 
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5. Experimental Section  

Synthesis of 2D BA2PbI4 crystals 

The synthesis of BA2PbI4 single crystals is based on the method by Stoumpos et al. with some 

modifications.[45] Lead acetate (Pb(COO)2) powder (1.6 g) was dissolved in 5 mL of 57% w/w aqueous 

hydroiodic acid (HI) solution at room temperature under constant magnetic stirring, which formed a 

bright yellow solution. Meanwhile, in another bottle, n-CH3(CH2)3NH2 (0.9 mL) was slowly neutralized 

with 5 mL of HI 57% w/w in an ice bath. Then, the n-CH3(CH2)3NH3I solution was dropwise added to 

the lead solution under 100 oC and stirring, which initially produced a black precipitate, and 

subsequently dissolved under heating the combined solution to boiling. The stirring was then 

stopped, and the solution was left to cool to room temperature during which time orange plate 

shaped crystals can be obtained. The precipitation was deemed to be complete after about 2 hours. 

The crystals were isolated by filtration and thoroughly dried under reduced pressure. The 2D 

perovskite platelets were obtained by cleaving the bulk crystals using the well-known scotch-tape 

method under the protection of nitrogen. To avoid the structural degradation, the samples were 

freshly prepared for all the measurements. A commercial type NT-MDT AFM was used to determine 

the thickness of the acquired platelets.  

Synthesis of 3D CH3NH3PbBr3 crystals 

The solution of the bromide salts (1 M) in dimethylformamide was prepared firstly. Then 3 vol% 

of formic acid was added to the solution followed by a filtration with 0.45 µm filter. A 5 ml portion of 

the solution was then incubated in a closed cap vial at 55 °C to produce some seed crystals (~500 μm 

scale). In another vial, a cleaned Si wafer was placed at the bottom of the vial with fresh salt 
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solutions. Finally, the as prepared seed crystal of CH3NH3PbBr3 was put on the substrate with further 

incubation at 55 °C. The seed crystal grew on the Si substrate and we collected it when it had the 

desired size. 

Structural characterization 

TEM characterization was performed with a JEOL 2010UHR operated at 200 kV. Powder XRD 

pattern of the crystal was recorded on Bruker D8 diffractometer at a scanning rate of 1° min−1, using 

Cu Kα radiation (λ=1.5406 Å). The optical microscopic images were captured by an inverted 

metallurgical microscope equipped with a CCD camera (Nikon Eclipse MA100).  

Optical spectroscopy 

Absorption spectra recorded on a Perkin Elmer Lambda1050 spectrophotometer coupled with 

an integrating sphere. Steady-state and time-resolved photoluminescence measurements were 

performed with a time-correlated single photon counting system (PicoHarp 300, PicoQuant GmbH). 

A 405 nm laser diode (pulse duration 40 ps) was used as the excitation source (0.1       ). For the 

excitation depth dependent TPL measurements, a 960 nm femtosecond laser (pulse width of 100 fs, 

Mai Tai) was used for excitation. The focal position of a microscope (a modified Leica TCS SP5 

microscope) was adjusted to probe TPL at various depths. The depth resolution in the z-direction is 

approximately 500 nm. A 100× objective lens was used to focus the excitation light and collect the 

fluorescence through a pinhole of 100 μm diameter.  
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Figure 1. Scheme of the carrier diffusion, photon recycling and the measurement method. (a,b) 

Schematic illustrations of carrier diffusion (a) and photon recycling (b). (c) Crystal structure of the 2D 

(BA)2PbI4 lead iodide perovskite. (d) Representation of the instrument geometry for PL/TRPL 

measurements via a transmission mode. 
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Figure 2. (a-c) AFM images of the 2D perovskite platelets with different thicknesses. The 

corresponding height profiles are shown in the following panels. (d-f) PL spectra of the 2D perovskite 

platelets with thicknesses of 51 nm (d), 708 nm (e), and 2.2 μm (f). (g) Gaussian fit of the symmetric 

PL obtained from the 51 nm-thick perovskite platelet. (h) PL spectra of the 2D perovskites with 

different thicknesses.  
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Figure 3. (a) Absorption spectrum of a 2D perovskite crystal. (b) Calculated PL spectra at different 

thicknesses based on the Beer-Lambert prediction. (c) Relationship between PL peak position and 

thickness, the open squares and solid circles represent calculated and experimental results, 

respectively. (d) Comparison of the normalized PL spectra from measurement (black circles) and 

calculation (red line) when d=30 μm. 
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Figure 4. Depth resolved TPL spectra of 2D perovskites. (a) Emission contour map at different 

depths. Inset: Graphical representation of the setup for depth-resolved TPL measurements. (b) TPL 

spectra acquired from a bulk sample at different depths. (c) Comparison of the PL spectra from two 

thicknesses (lines) and TPL spectra from two depths (scattered points). (d) Lifetimes with error bars 

at different excitation depths. The red line is the fitted curve based on equation (5). 
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Figure 5. (a) The scheme illustrates that emission objective was slightly moved in horizontal direction 

to collect the PL spectra. (b) In this configuration, the photon propagation lengths are almost 

unchanged since the thickness of the crystal (396 μm) is much larger than the separation. While if 

separation is not 0, the channel of carrier diffusion is switched on. (c) PL spectra of a bulk 2D crystal 

acquired at different separations (Separation step 0-3 represents 0-15 μm). (d) TRPL spectra 

acquired at different separations (0-15 μm). 

 

 



 

  

 

This article is protected by copyright. All rights reserved. 

32 

 

Figure 6. Depth resolved TPL spectra of a 3D MAPbBr3 single crystal. (a) Emission contour map at 

different depths. (b) Normalized TPL spectra acquired from a MAPbBr3 crystal at different depths. (c) 

A comparison of the depth resolved TPL peak positions of 2D perovskites (squares) and 3D MAPbBr3 

crystal (circles). 

 

 

Figure 7. PL and TRPL of a cleaved 3D MAPbBr3 crystal. (a) Scheme illustrating the cleavage of 3D 

MAPbBr3 crystal. (b) A comparison of pure carrier diffusion and photon recycling models at the 

PMMA interfaces, the two pieces of crystals are designated as L and R for ease of discussion. (c,d) PL 

(c) and TRPL (d) of a 3D MAPbBr3 before and after cleavage. The solid line represents fitting by a 

stretched-exponential function. 
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Photon recycling and carrier diffusion are the two plausible processes that primarily affect the 

carrier dynamics in halide perovskites, and therefore the evaluation of the performance of their 

photovoltaic and photonic devices. However, it is still challenging to isolate their individual 

contributions because both processes result in a similar emission redshift. Herein, we confirm that 

photon recycling is the dominant effect responsible for the observed redshifted emission. 
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