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Achieving a better understanding of the physics of defects in halide perovskites is a key challenge for improving the efficiency of the devices. Here, we present a comprehensive study of the defect emission of 3 3 3

CH NH PbI perovskite single crystals. The emission of the pristine surface of cleaved crystals is systematically investigated based on steady-state and time-resolved micro-photoluminescence spectroscopy. Donor-acceptor pair (DAP) recombination is observed due to the presence of native shallow defects. The DAP spectra present an important variability depending on the location on the surface of the crystals due to inhomogeneous defect distribution. A strong blue-shift of the emission is measured as a function of excitation power and is explained by fluctuating potential caused by compensated defects. With increasing photocarrier density, a transition from a structureless to a structured DAP emission with several longitudinal optical (LO) phonon replicas is observed. The DAP transition is characterized by the red-shift of the emission with time and a slow, non-exponential photoluminescence decay. Sharp discrete lines with sub-meV widths, the most recognizable spectral signature of DAP transition, are revealed. The results reconcile apparently contradictory previous observations on defect emission of 3 3 3

CH NH PbI and provide new insights into the properties of defects in halide perovskites.

Introduction

Halide perovskites (HPs) have demonstrated remarkable potential for photovoltaic and optoelectronic applications. The spectacular increase in the demonstrated power conversion 1 Currently at Fritz Haber Institute of the Max Planck Society, 14195 Berlin, Germany This article is protected by copyright. All rights reserved efficiency, which has recently exceeded 25%, [1] makes 3D HPs very attractive as light-harvesting materials in solar cells. Their excellent light emission properties are highly interesting for applications in light emitting diodes, [2,3] lasers, [4,5,6] photodetectors and other devices. [7] However, the understanding of some of the fundamental processes governing the photophysical properties of HPs is still incomplete. In particular, many open questions remain regarding the influence of defects in these materials on the electronic structure and carrier dynamics. Solution-based synthesis, which makes perovskites so promising from the perspective of low-cost photovoltaics, typically leads to a high concentration of defects in the crystal lattice. [8] In stark contrast to classical semiconductor materials, the presence of such a significant number of lattice imperfections does not strongly impact the perovskite material performance. [9,10,11] HPs show surprising defect tolerance and are characterized by high power conversion efficiency, long carrier lifetimes and long carrier diffusion lengths. [9,12] The apparent defect tolerance of HPs is assumed to be due to the fact that the native defects with lowest formation energies would induce shallow levels, as predicted by Density Functional Theory (DFT) calculations. [13,14,15] Nonetheless, for HPs to reach their full potential, it is crucial to fully understand and reduce any detrimental influence of defects. Avoidable nonradiative recombination losses are the main obstacle to be eliminated on the path to approaching the theoretical Shockley-Queisser limit for solar-cell efficiencies. [16] Additionally, intrinsic defects can be used to achieve controllable electrical doping in HPs. [17,18,19] A better understanding and control of the defect and impurity states are crucial to the development of electronic devices based on HPs. [20,21,22] Low temperature photoluminescence (PL) spectroscopy is a powerful technique to study the defects and impurities in semiconductors. However, concerning halide perovskites, despite numerous studies, there is no consensus on the origin of the low temperature defect emission. The Free Excitonic (FE) emission has been identified by some of us in the PL spectra of CH NH PbI single crystals, [23] and in a few other studies. [START_REF] Phuong | The Journal of Physical Accepted Article 18626270[END_REF][START_REF] Francisco-López | [END_REF]26] However, in many cases, the low temperature optical spectra of 3D HPs are characterized by the presence of several overlapping broad and featureless bands at energies below the FE emission. The low-energetic emission features have been assigned to various phenomena: bound excitons, [27] tetragonal phase inclusions, [28,29,30] Donor-acceptor pair recombination, [31] molecularly disordered orthorhombic domains, [32] or band tail emission. [33] More structured spectra have been recently reported, in particular showing narrow peaks with meV width assigned to excitons bound to shallow defects. [START_REF] Francisco-López | [END_REF] One of the main difficulties in understanding the low temperature emission of hybrid perovskites is related to the solution processing. Optoelectronic properties depend on the synthesis method and its impact on the microstructure. [34] Inside the material, large local fluctuations of the defect density at different length scales are observed. [35] Polycrystalline thin films present an average trap density of 16 17 3 10 -10 cm . In comparison, single crystals present a defect density four orders of magnitude lower, of the orders of 11 3 10 cm and are considered to be the best platform to study the fundamental properties of hybrid perovskites. [36,37] However, even single crystals are not exempt from disorder and heterogeneity. [38] Ni et al. show in particular that the concentration of defect-induced trap states varies by five orders of magnitude between the surface and bulk of crystals. [39] The heterogeneity of the material is reflected in the low temperature emission of CH NH PbI . PL spectroscopy of single crystals leads to apparently contradictory results with reports of only featureless broadband emission on the one hand and of sharp excitonic emission on the other hand. [27,23,[START_REF] Francisco-López | [END_REF]40] Here, to better understand the defect emission in CH NH PbI crystals at low temperature, at the microscale, based on power dependence and time-resolved micro-photoluminescence. Below the energy of the free exciton, both structureless and well-structured emission features are observed depending on the surface quality and excitation power. The spatial inhomogeneity of the emission is assigned to the local variation of the defect density. The compensation effect of native charged defects induces potential fluctuations. The latter are responsible for the observation of a large blue-shift of the defect emission with increasing excitation power. In lower defect density regions and/or at higher excitation power, a structured DAP emission with well-defined LO-phonon replicas is evidenced. We have analyzed the time-resolved spectra of the DAP emission, characterized by a large redshift. The time-resolved PL dynamics shows non-exponential decays, which can be approximated by a power law. Finally, we highlight the fine structure of DAP emission, observed on cleaved crystal surfaces. The high energy side of the DAP emission presents a characteristic series of narrow lines with sub-meV widths. We observe the thermal quenching of these features due to ionization of the donor/acceptor shallow states with low energy of approximately 4 meV.

Results and discussion

Excitation power dependence of the PL spectra

We measured the low-temperature photoluminescence spectra of single crystals of CH NH PbI , the archetypal 3D HPs (Figure 1a). We prepare pristine surfaces by cleaving the crystals. [START_REF] Ryu | Advanced Materials Accepted Article 18626270[END_REF][START_REF] Kollár | [END_REF] Applying pressure with a tweezer, we break the crystals into fragments. In comparison with the surface of as-grown crystals, which can be rough and inhomogeneous, cleaved fragments present smooth, mirror-like surfaces (Figure S1). Below 160 K, the crystal structure of CH NH PbI is orthorhombic with Pnma space group. [43,44] Figure 1b shows the reflectivity and photoluminescence spectra measured at 5 K. The free excitonic emission (FE) has a maximum at 1.637 eV and presents a shape very close to a Lorentzian with a full width at half maximum (FWHM) of only 3 meV. The emission presents a very good correspondence with the excitonic transition measured in reflectivity. The narrow linewidth of the FE indicates the good crystalline quality of the material. [45] The reflectivity spectrum presents an inflection point at 1.637eV approximately in good agreement with previous reports. [46,26] It is now well-established that excitons in CH NH PbI have a low binding energy, estimated as approximately 15 meV in the low temperature orthorhombic phase, and a few meV in the room temperature tetragonal phase. [47,48] While free carriers are predominantly generated upon photoexcitation at room temperature, we can expect excitons to be stable in the low temperature phase. [49] To the best of our knowledge, a narrow free excitonic emission has never been observed in polycrystalline thin films, and it is not always visible even in studies performed on single crystals. [27,40] Broadband emissions, with FWHM of several hundred of meV, are generally reported. [28] Here, as shown in Figure 1b, the free excitonic emission can be observed with almost no contribution at low energy.

However, we observe strong spatial variations of the micro-PL for different positions on the same crystal. PL Map and additional spectra are presented on Figure S2. Depending on the local position on the crystal, a broadband emission and several sharp peaks, below the FE energy, can be observed. The FE emission can be completely quenched in the presence of a strong defect emission.

Next, we have investigated the excitation power dependence of the emission. The low energy band depends strongly on the excitation power. Figure 2a shows a series of normalized micro-PL spectra for different excitation powers at 5K. Additional spectra are shown in Figure S5. In addition This article is protected by copyright. All rights reserved to the FE emission, different features are observed at low energy. A series of sharp peaks is visible, at 1.633 eV and 1.618 eV. These structures are assigned to Free-to-Bound (FB) transitions and Bound Excitons (BE) respectively, as explained below. The BE band presents a substructure with three peaks, mainly visible at low excitation power (Figure S3). The width of these emission lines is approximately 2 meV. They broaden and begin to overlap with increasing excitation power. At an excitation power of 0.022 µW, the broad band is visible between approximately 1.54 and 1.61 eV, with a FWHM of approximately 55 meV. We assign this band to DAP recombination for the reasons detailed below.

The positions of the BE peaks remain unchanged with increasing excitation power. The energy of the FB peak presents a slight blue shift of a few meV at very low excitation power (Figure S4) and is stable at higher excitation power. In contrast, we can observe a large blueshift of the broad lower-energetic band. As the excitation power increases the broad band shifts to higher energy and overlaps with the BE peaks. The energy of the broadband emission maximum is approximately 1.594 eV at 0.022 µW and reaches 1.630 eV for the highest excitation powers (29.9 µW). It presents also a strong saturation in intensity with increasing excitation power. The evolution as a function of excitation power of the PL intensity at different energies, characteristic of the different spectral features is displayed in Figure 2b. For the DAP band, the PL Intensity has been measured at 1.600 eV. The evolution of the FE and BE intensity can be described with a power law IP with >1 as expected for excitonic transitions. [50] Value of close to or inferior to one are characteristic of FB and DAP recombination. The broadband emission intensity could not be described with a single power law as it shifts and saturates at high power.

Different mechanisms can induce a blue-shift of the PL with increasing excitation power. The power-dependent blue-shift of the low energy broadband emission of CH NH PbI has been assigned to band filling effect [32] , redistribution of carriers from trap states to excitonic emission [27] , saturation of tetragonal phase inclusions [28] or DAP recombination. [51,31] Depending on their electronic properties, point defects and impurities can be donors or acceptors. Donor-acceptor pair transitions refer to a radiative recombination process between an electron on a donor and a hole on an acceptor, leading to the formation of ionized species D and A (Figure 2d). [START_REF] Yu | Fundamentals of Semiconductors, Graduate Texts in Physics[END_REF] The ionized donors ( D ) and acceptors( A ) return to the neutral state ( , The energy of the emitted photons is given by :
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where E g is the bandgap energy of the semiconductor, D E and A E are the binding energies,

2 0 4 e R
is the mutual electrostatic attraction between the charged pair, with 0 the vacuum permittivity and the low frequency relative dielectric constant of the semiconductor. R in the Coulombic interaction term is the distance between donor and acceptor, determined by the crystal structure and lattice constant. Consequently, close DA pairs will emit at higher energy than distant pairs. The last term accounts for LO phonon replicas.

As the excitation power increases, acceptors and donors are saturated and the probability of observing a radiative recombination from a close pair increases. This article is protected by copyright. All rights reserved energy. However, DAP recombination generally induces blue-shift of the order of a few meV per decade of excitation power. [START_REF] Zacks | [END_REF] The blueshift observed in the dataset shown in Figure 2c is significantly larger. The band maximum shifts from 1.594 eV to 1.630 eV within the investigated excitation power range, yielding a blueshift around 20 meV per decade (Figure 2c and Figure S5).

An analytical expression has been derived for the shift of the DAP emission as a function of excitation power ( exc P ) for the case of a transition between a shallow impurity and a deeper one. [START_REF] Zacks | [END_REF] 3 AD is in good agreement with the presence of shallow defects. [15,54] To explain the observation of a large blue-shift, we have to consider potential fluctuations. The latter appear in strongly compensated semiconductors. [START_REF] Shklovskii | Electronic Properties of Doped Semiconductors[END_REF] In a compensated semiconductor, most of the donors and acceptors are charged at low excitation power and, in consequence, they induce Coulomb-potential fluctuations, creating local minima/maxima in the valence and conduction band. Both interband transitions and DAP transitions are red-shifted in comparison to the flatband situation proportionally to the potential depth (Figure 2e). With increasing excitation power, the potential fluctuations are progressively screened by the photogenerated carriers and a strong blue-shift is observed, of the order of the potential depth.
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The influence of potential fluctuations on the PL has been studied in different inorganic semiconductors. [START_REF] Bäume | [END_REF]57] The potential fluctuation depth is dependent on the density of donor/acceptor and level of compensation. [58] The observation of potential fluctuations at low temperature is consistent with the importance of Schottky disorder in hybrid perovskites. [59,60] This type of defect will lead to the creation of a stoichiometric quantity of anion and cation vacancies, randomly distributed in the crystal, leading to compensated donors and acceptors.

An energy-shift constant has been defined to describe the blue-shift of DAP band in strongly compensated semiconductors such that: [61] 0 = exp( / )

exc P P E ( 4 
)
where 0 P is a fitting parameter. From the fit of the low excitation power data (Figure 2c), we have extracted a value of 12 meV . Comparable values have been reported for 24 Cu ZnSnS (CZTS) and 2 Cu(In,Ga)Se (CIGS). [62,63] Potential fluctuations may also explain the blue-shift of the FB peak observed at low excitation power. The emission of FB transition is otherwise expected to be stable in energy and is blue-shifted in comparison to DAP emission (Figure 2d). 
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The spectra of the two recombination mechanisms often overlap. [START_REF] Klingshirn | Semiconductor Optics[END_REF] The tentative assignment of the peak at 1.633 eV to FB transition leads to an estimated / E = 19 meV DA which is consistent with our estimated value of E E 90 meV AD . With increasing photocarrier density and screening of the potential fluctuations, we may expect a transition from featureless DAP emission, red-shifted due to band bending, to the characteristic features of DAP recombination in a weakly compensated semiconductor. Indeed, as the excitation power increases, we observe the crossover from a structureless broad band to a well-structured emission presenting phonon replicas. The spectrum measured at a power of 0.24 µW is reproduced on Figure 3a. It presents the DAP band on top of which several evenly spaced peaks appear.

We assigned this structure to the LO-phonon replicas of the DAP transition. The spacing of approximately 4.3 meV is in excellent agreement with the optical phonon energy extracted from the temperature dependent PL lineshape broadening measurements on CH NH PbI single crystals by some of us and other authors. [23,[START_REF] Francisco-López | [END_REF]40] In 3D HPs, electron-phonon coupling is expected to be dominated by interaction with LO-phonons via the Fröhlich mechanism. A 4 meV LO-phonon energy has been measured at 5 K with inelastic neutron scattering and Raman scattering. [65] This low energy phonon mode is associated to the inorganic sublattice and would correspond to the bending of the 3 PbX network. [66] Interestingly, strong coupling of the optical band gap to a mode at this frequency has also been reported. [67] The phonon replicas are less apparent at higher power as the DAP band overlaps with the BE emission.

The presence of LO-phonon replicas of the DAP band is even more apparent on the spectrum in Figure 3b recorded in another region of the sample, presenting a stronger DAP emission where a modulation of broad band emission with a spacing of 4.3 meV is well resolved. A strong coupling with LO-phonons is a characteristic of DAP emission in many semiconductors. [68,69,[START_REF] Bäume | [END_REF] The transition with increasing excitation power or doping from redshifted structureless DAP emission to a well defined DAP emission accompanied by LO-phonon replicas was observed in different materials. [START_REF] Bäume | [END_REF] We note that the intensity of the LO-phonon replicas, characterized by the Huang-Rhys factor, is dependent of the distance between donors and acceptors, and is predicted to decrease with the pair separation. [70,71] The average distance between localized carriers and in consequence the intensity of the replicas change with the excitation power. The decrease of the Huang-Rhys factor with increasing excitation power may also explain why the phonon replicas are less visible in the high excitation regime.

Time-resolved spectroscopy

To further elucidate the origin of the defect emission, we study the time evolution of the emission. First, we compare the lifetime of the FE and the broad band. The FE decays with an initial lifetime of approximately 330 ps which can be assigned to the exciton lifetime (Figure 4a). [72] This fast initial decay is followed by a longer component spanning over several hundreds of nanoseconds. The long component can be described by a power law decay:

() PL t t with =1. Previously, a long microsecond lifetime observed in single crystals of This article is protected by copyright. All rights reserved When the temperature is raised, the intensity of the delayed luminescence decreases due to detrapping from donor and acceptor levels (Figure S6). Tilchin et al. have reported a delayed luminescence of the free excitonic emission in single crystals of CH NH PbBr . The power law decay, with a coefficient below 1, has been assigned to detrapping from shallow states or/and free electron-hole annihilation. [51] We observe that the broad DAP emission (measured here at 1.590 eV and 1.570 eV) also presents a power law decay:

() PL t t with <1 (Figure 4b). The recombination rate decreases with the emission energy as expected for DAP recombination. The time dependence of the broad band emission is consistent with the hypothesis of the presence of shallow donor/acceptor inducing trapping/detrapping and DAP recombination. Non-exponential decays are characteristic of DAP emission. [68] They have been described by power laws, with coefficient ranging between 0.7 to 2 in different inorganic semiconductors. [73,75,76,77] We now turn to the time-resolved spectra. Figure 4c and4d show an energy versus time map of the PL emission and Figure 4e displays spectra at different delays after the excitation pulse. Note that the spectral resolution for this measurement is approximately 1 nm (see supporting information). Nonetheless, we can identify the different structures previously reported in Figure 2a. We observe that the emission is initially dominated by the FE peak whose energy remains stable in time. We note that the spectra on Figure 4e are normalized: the fact that we still observe the FE peak spectra at several hundred of nanoseconds after pulsed excitation is due to delayed luminescence.

Simultaneously, we observe the emission of the BE peaks. The emission at approximately 1.63 eV, that we have assigned to Free-to-bound transition, builds up at longer times which indicates a slow capture probability. The emission of excitons bound to ionized defects has also been reported in a previous study in the same energy range. [25] The emission observed here presents a very slow dynamics which seems incompatible with the assignment to bound excitons, characterized by fast recombination rates.

The DAP band appears initially at 1.627 eV and strongly red-shifts with time. The band briefly overlaps with the BE emission and forms a broad emission at low energy on longer time-scale. Red-shift of emission energy as a function of time is another characteristic feature of DAP recombination. The radiative recombination probability of the electron of the donor and hole of the acceptor depends exponentially on their separation R as , exp 2 / DA Ra , where , a DA is the Bohr radius of the donor/acceptor. Closer DA pair will recombine faster and produce an emission at higher energy. With time, pairs at larger distance will recombine and the spectrum shift toward lower energy. [68] The energy span observed here in time-resolved emission between close and distant pairs is in very good agreement with the variation recorded as a function of excitation power.

Discrete donor-acceptor pairs emission and temperature dependence

We have previously highlighted several characteristic features of DAP recombination. However, the hallmark of DAP emission is the presence of numerous sharp lines induced by the Coulombic interaction between close distance pairs. The spectrum in Figure 5a (see also Figure S7) presents the broad contribution previously described but with a series of sharp lines with sub-meV FWMH on the high energy side of the emission. The discrete lines emerge from the broad pair recombination background. Figure 5b presents a fit of one of the lines with a Lorentzian function with a 260 µeV FWHM. These sharp lines are found on the high energy side of the broad band contribution caused by distant pairs. Several hundreds of sharp lines have been observed in GaP. [68] Here, the low defect density of the cleaved crystals allows us to resolve the discrete pair transitions, whereas as-grown crystal surfaces present only overlapping pair emission. Multiple bound exciton complexes (MBEC) can be excluded as a possible mechanism for the emission: the main feature of MBEC is the apparition of several weaker satellites at lower energy of an intense emission. [78] Additional spectra, displaying similar sharp The temperature dependence of the emission is displayed on Figure 5c. As the temperature is raised, the sharp lines present a blue-shift. A blue shift with increasing temperature is characteristic of DAP emission. [25] However, as the band gap of CH NH PbI increases with temperature, [23] we are not able here to distinguish the two phenomena. The intensity of the discrete lines decreases quickly, leaving only the broad band contribution visible at 20 K. We have plotted the intensity as function of temperature for the peak at 1.6154 eV in Figure 5d. The thermal behavior can be fitted with the formula:

0 = 1 ( / ) B I IT Cexp E k T (6)
The fit yields a value of the thermal activation energy E = 4.2 0.5 meV . The value is close to the energy of the LO-Phonon mode previously found. The observation suggests a phonon assisted detrapping of charge carriers.

The assignment of the DAP emission to specific native point defects can be discussed based on the results of theoretical predictions. The formation energy and energy levels of native defects in CH NH PbI have been calculated based on DFT calculations, in different studies. [15,54,8] The results suggest that defects with low formation energies create only shallow levels, rather than deep defects. Shallow defects which are expected to be most prevalent due to low formation energy are related to Vacancies (V) and Interstitials (i) point defects: V Pb , V MA for acceptor defects and V I , MA i , Pb i for donor defects. Schottky defects, which create an equal number of positive and negative vacancies, such as 2 PbI and MAI vacancy have also been considered. Kim et al. have estimated that the formation energies of 2 PbI vacancies are substantially lower than those of MAI vacancies and suggested that they are likely abundant in HPs. [14] Despite the progress in the theoretical description of defects in HPs, there are still discrepancies in the reported nature, shallow or deep level, of some defects in CH NH PbI . [79] The observation of the spectral signature of discrete DAPs is an important step in the characterization of defects in HPs.

Additionally, single photon emission has been recently reported from localized states in CsPbBr microcrystals, but the physical origin of emitters is still unclear. [80,81] DAP transitions have been suggested as the main origin of single-photon emitters in hBN in a recent study [82] and could be the possible mechanism for the previously reported quantum emitters in HPs. Interestingly, understanding the nature of defect-related states is also relevant to application in lasing since these states are implied in the mechanism of lasing in halide perovskites. [83] 

Conclusion

To summarize, we have shown that the low temperature defect emission of CH NH PbI presents important variations which can be understood in the context of DAP recombination. Both structureless and well-structured emission bands can be observed. We assign the observed variations in the emission of single crystals to a significant inhomogeneity in the defect density. Potential fluctuations due to compensated native defects cause the broadening of the emission into a large structure-less band characterized by a strong power dependent redshift in regions with high defect density, while structured DAP emission with LO-phonon replica can be recorded in lower defect density regions or at higher excitation power. The presence of shallow donor/acceptor defects lies at the origin of the long lived low-energy luminescence following a power law decay. The characteristic fine structure of discrete donor-acceptor pair emission, with sub-meV linewidth, is highlighted. Our This article is protected by copyright. All rights reserved results shed a new light on the contrasting observations reported in the literature and the difficulty in reaching a consensus regarding the defect emission. We highlight the importance of a systematic study at the microscale of the emission of crystal due to the inhomogeneous nature of the material. In addition to the excitation power dependence and time-resolved dynamics, the observation of discrete lines at high energy is the fingerprint of DAP recombination. Altogether our comprehensive study of the emission of 

Methods

Crystal growth and sample preparation:

We performed the measurements on high quality CH NH PbI single crystals grown using a solution-based method. Methylammonium iodide (0.78 g, 5 mmol) and lead iodide (2.30 g, 5 mmol) were dissolved in GBL (5 mL) at 60°C. 2 mL of the yellow solution was placed into a vial and heated at 120°C during one to four hours depending on the crystals size expected. The solution could be heated in a hot plate as well as an oil bath. The crystals were mechanically cleaved directly before mounting in the cryostat for optical measurements to expose a clean fresh surface unaltered by degradation in ambient conditions.

Optical characterization:

The samples were placed in the confocal microscope insert of a top-loading closed-cycle cryostat (AttoDRY 1100). The measurements were performed in exchange gas atmosphere and the excitation was provided either by a 485 nm or 520 nm picosecond laser diode (PDL 800-D PicoQuant). The collected signal was dispersed using an ACTON SpectraPro 2750 spectrometer and recorded on a CCD camera (Pixis100, Princeton Instruments).

For time-resolved measurements, the signal was recorded using an avalanche photodiode (PicoQuant PDM series) and the PicoHarp 300 Time-Correlated Single Photon Counting system. For spectrally resolved measurements of the PL lifetime, the signal passed through a Fourier-transform interferometer (NIREOS GEMINI) before being recorded by the photodiode.

This article is protected by copyright. All rights reserved 
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 13 Figure 1: a) Image of a millimeter-scale crystal of
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 3 Figure 3: a) DAP emission with LO-phonon replicas acquired during the power dependent measurement, recorded at 0.24 µW b) Additional example of DAP emission with LO-phonon replicas spaced with an energy LO E = 4.3 meV measured on a different crystal.
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 45 Figure 4: a) First 10 ns of the PL decay of the FE emission b) PL decays at three different energies. Red dashed lines are fit of the data with power law decay. c) Map of the PL intensity as a function of time after the excitation pulse and emission energy for the first 15 ns after the pulse. d) Map of the PL intensity as a function of time on a longer timescale. e) Normalized time-resolved spectra at different delays. The dashed blue line follows approximately the red-shift of DAP band and is a guide for the eye
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 3 3 CH NH PbI has been assigned to bound triplet excitons.[27] However, the long lifetime can alternatively be explained by the presence of shallow defects, responsible for both carrier trapping/detrapping and donor-acceptor pair recombination.[73,74,51] 
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