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Abstract: The emerging metal halide perovskites (MHP) have shown advanced charge transport 

properties suitable for application in solar cells, photodetectors and various other optoelectronic 

devices. The stability and uncontrolled defect structure are the main drawbacks limiting the 

efficient development of MHP devices. This study fills the gap in the understanding of 

recombination pathways in hybrid and all-inorganic perovskites. We resolved surface and bulk 

charge transport by combining current waveform time of flight (CW-ToF) and time-resolved 

photoluminescence (TRPL) spectroscopies. Further, by applying Raman and Infrared 

spectroscopies, we reveal the nature of the defects associated naturally with solvent trapping. We 

demonstrated that solvent-associated defects have a substitutional effect on the charge transport 

efficiency and stability of the MHP devices. Finally, we show the fundamental interaction of 

positron particles with perovskite vacancy defects and lattice. The positron annihilation is 

explained by using the ab-initio simulation of supercell. The results of this study suggest 

potential pathways for further improvement of hybrid and all-inorganic MHPs. 

 

Keywords: Perovskites, defects, charge transport, radiation sensors, positron annihilation.  
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Lead halide perovskites with the formula APbX3, where A
+
 is either cesium (Cs), 

methylammonium (MA) or formamidinium and X
-
 is either chlorine (Cl), bromine (Br) or iodine 

(I
-
), have emerged as promising candidates for ionizing radiation detectors because of their high 

attenuation coefficient, tunable band-gap
1-3

, large mobility-lifetime (μτ) product
1, 2, 4

 and low 

charge trap density and defect tolerance
2, 5-8

. In particular, the all-inorganic cesium lead bromide 

(CsPbBr3) perovskite is advantageous over its organic-inorganic perovskite counterparts due to 

its long-term chemical and structural stability
8-12

. Recently, more researchers have shown that 

CsPbBr3 can achieve high-resolution detection of ionizing radiation
13, 14

 in addition to their 

excellent potential for application in tandem solar cells and LED technology
15, 16

.  

Until recently, the growth of large-size, high-quality CsPbBr3 single crystals required high-

temperature growth from melts using the Bridgman melt-growth method
13

. As this melt-growth 

method requires temperatures over 500 ˚C and multiple purification steps to purify the raw 

materials, this increases the cost of device fabrication to a level not lower than other radiation 

detection materials, such as CdZnTe
14

. Therefore, the need for an inexpensive solution-based 

growth method is imperative. Over the past few years, the solution-based growth of CsPbBr3 has 

been demonstrated
11, 17

 through the utilization of methods, such as the antisolvent vapor 

assisted
12, 18

 and the inverse temperature crystallization methods
9, 19, 20

. Despite progress in 

solution-based growth of lead halide perovskite single crystals, the crystallinity, dimensions, and 

charge transport properties of melt grown single crystals are superior.  

It is well established that defects in semiconductor lattice have a critical effect on the 

performance of semiconductor devices. The crucial charge transport properties such as carrier 

mobility, lifetime, and recombination rate are greatly affected by the concentration of the 

defects
8
. The effect of defects on charge transport properties of solution grown perovskites was 

broadly discussed in our recent studies
21, 22

. Here, we explore the electrical structure, charge 

transport, and defects chemistry in solution and melt grown lead halide perovskite single crystals 

to reveal pathways to efficient and cheap perovskite semiconductor devices. 

Positron annihilation spectroscopy (PAS) is commonly used to study defects and their 

chemical nature in various semiconductors
23-26

. In conventional PAS, the material is bombarded 

with positrons. These positrons are then annihilated by the material’s electrons, producing two 

511 keV gamma rays. The positron annihilation rate is determined by the local electron density  

at the positron annihilation site
27

. Because the electron density of a defect site is comparatively 

less than the electron density of the bulk material, the positron is trapped in a defect site for a 

longer time. Another positron annihilation technique, Coincidence Doppler Broadening (CDB) 

spectroscopy of the annihilation gamma rays, provides information about the electron 
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momentum distribution in a material. Together, these techniques are incredibly powerful in 

characterizing the chemical nature of defects in a material. 

Very few studies have used PAS to characterize the nature of defects in lead halide 

perovskites. Dhar et al. demonstrated the utilization of PAS in combination with Doppler 

broadening techniques to reveal the presence of MA defects in the MAPbI3 crystal lattice
28

. 

Particularly, single crystalline MAPbI3 contains few defects than its polycrystalline counterpart 

but has an equal probability of developing both cationic and anionic (halide) vacancies, whereas 

the polycrystalline sample contains mainly cationic vacancies in its lattice. PAS has yet to be 

used to characterize the defects of other lead halide perovskites including CsPbBr3 and MAPbBr3 

single crystals. 

The free charge carrier losses at the surface, bulk, and interfaces are the main 

recombination pathways in semiconductor optoelectronic devices. Here, we first compare free 

charge recombination dynamics at the surface and in the bulk of hybrid and all-inorganic lead 

bromide perovskites using photoluminescence (PL) and time of flight current waveform (ToF-

CW) spectroscopies. As can be seen in (Figure 1) there is a small deviation in the PL spectra of 

Bridgman grown CsPbBr3, solution grown CsPbBr3, and MAPbBr3 single crystals with bandgap 

energies of 2.34 eV, 2.33 eV, and 2.31 eV, respectively. In addition, the excitation of the 

samples at 445 nm wavelength induces a bright luminescence emitted from the surface of these 

crystals, as shown in Figure 1 due to the presence of surface defects. Time-resolved 

photoluminescence (TRPL) measurements reveal nanosecond decay of PL signal in all studied 

samples (Figure 2). A faster and slower decay constants of around 40 ns and 140 ns is observed 

in MAPbBr3 single crystal (Figure 2a). While the melt (Bridgman) and solution grown CsPbBr3 

crystals show decay constants of around 7 ns and 100 ns, and 2 ns and 37 ns, respectively.  

To further explore charge carrier lifetime in these crystals, time of flight -current waveform 

(ToF-CW) spectroscopy was performed. The holes (generated by a short 1 µs laser pulse with a 

wavelength of 450 nm) drift in the bulk of lead halide perovskite crystals and induce ToF current 

waveform. Thus, the ToF CW reveals bulk recombination dynamics and lifetime of charge 

carriers. Recently we showed that charge trapping in the bulk defects is responsible for ToF CW 

decay
21

. Here, the ToF spectroscopy reveals microsecond dynamics of free holes drifting from 

anode to the cathode (Figure 2b) under an applied bias of 60 V. To estimate the lifetime of free 

holes in the bulk, we fit the ToF transients by an exponential fit. Interestingly, CsPbBr3 crystal 

grown from melt shows holes lifetime of around τCS =210 µs and MAPbBr3 crystal shows holes 

lifetime of around τCS =95 µs. While the CsPbBr3 crystal grown from solution did not show a 

reliable ToF signal. Other studies also highlighted the critical effect of surface recombination on 
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TRPL measurements
29

. These results clearly explain the notable difference in charge decay 

dynamics shown by TRPL and ToF by different recombination rates at the surface and in the 

bulk of the lead halide perovskites. 

Next, we utilized Raman spectroscopy and Fourier-transform infrared spectroscopy (FT-

IR) to study the origin of defects and explain the superior transport properties of melt grown 

CsPbBr3. Firstly, the Raman spectra, specifically at low wavenumbers, of solution grown 

MAPbBr3, solution grown CsPbBr3, and melt grown CsPbBr3 single crystals provide information 

regarding the vibrational modes of the metal-halide sublattice
30

, as shown in (Figure 3a). 

Regarding, The observed Raman peaks below 200 cm
-1

 in MAPbBr3 are consistent with the 

literature and are attributed to lattice vibrations
31

. Next, we note that the Raman spectra for both 

the solution-grown and melt grown CsPbBr3 are similar. As shown in (Figure 3a) with arrows, 

the broad peaks around 73 cm
-1

 and 127 cm
-1

, have previously been reported as the vibration 

mode of [PbBr6]
4-

 octahedron and the motion of the Cs
+
 cations

32, 33
. Noticeably, we also see a 

shoulder peak at around 70 cm
-1

 for both the solution grown and melt-grown CsPbBr3. The peak 

has also been observed in the Raman spectrum of melt grown Cs4PbBr6 single crystals
34

, 

indicating a possible second phase on the surface of these single crystals. 

 We proceeded further by obtaining the Raman spectra at higher wavenumbers to explore 

molecular modes, as shown in (Figure 3b). Overall, the Raman spectra for the solution grown 

MAPbBr3 single crystal is consistent with the literature as the higher-frequency peaks being 

related to the different kinds of the MA
+
 cation motions, such as the 918 cm

-1
 and 968 cm

-1
 being 

attributed to the CH3NH3
+
 rocking and C-N stretching, respectively

35, 36
. Next, we compare the 

Raman spectra for the solution grown CsPbBr3 and melt grown CsPbBr3 single crystals. 

Noticeably, the spectra for the solution grown CsPbBr3 single crystal contains well-defined 

peaks, whereas these peaks are absent for the melt grown CsPbBr3 single crystal. We attribute 

these peaks shown in the solution-grown CsPbBr3 single crystal to peaks commonly seen in the 

spectrum for dimethyl sulfoxide (DMSO)
37

, which is the solvent used for our growth process. In 

this Raman spectra peaks at 678 cm
-1 

and 713 cm
-1

 are attributed to C-S symmetric and 

antisymmetric stretches, and the peak at 1000 cm
-1

 is assigned to the S=O stretch. Further, 

individual peak assignments for both the solution grown MAPbBr3 and solution grown CsPbBr3 

single crystals are shown in Table 1.  

We utilize FT-IR characterization as shown in (Figure 3c) to further confirm solvent 

trapping within solution grown single crystals. Our measured FT-IR spectrum of the solution-

grown MAPbBr3 single crystal is consistent with literature
38, 39

. Prominent peaks are at 969 cm
-1

, 

1477 cm
-1

, 1584 cm
-1

, and 3165 cm
-1

, which can be attributed to the C-N stretch, symmetric 
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NH3
+
 bend, asymmetric NH3

+
 bend, and symmetric NH3

+
 stretch, respectively. As seen with the 

Raman characterization, there are noticeably defined peaks, such as 951 cm
-1

, 1028 cm
-1

, and 

1482 cm
-1

, for the solution grown CsPbBr3 single crystal that are not observed for the melt 

grown CsPbBr3 single crystal. We attribute these peaks to the solvent trapped within the single 

crystal as most of these peaks correspond to peaks observed in the FT-IR spectrum for dimethyl 

sulfoxide (DMSO) as described in Table 1. In Figure 3c, we compare the FT-IR spectrum of 

DMSO to the solution grown CsPbBr3 to further illustrate this point. Trapped solvent can form 

point defects and defect complexes responsible for the shorter carrier lifetime in solution grown 

single crystals. In addition, the trapped solvent can deteriorate the stability of the perovskite 

devices. For both the solution grown and melt grown CsPbBr3 single crystals, we attribute a few 

visibly low intensity peaks at 1600 cm
-1

 and 3500 cm
-1

 to the environment, specifically water 

vibrational modes, as these measurements were performed in ambient conditions
40

. 

Table 1. Individual peak assignments for both the solution grown MAPbBr3 and solution grown 

CsPbBr3 single crystals at high wavenumbers.  

Raman 

Shift 

Solution-grown 

MAPbBr3 Peak 

Assignment 

Solution-grown 

CsPbBr3 Peak 

Assignment 

FT-IR Peak 

(cm
-1

) 

Solution-grown 

CsPbBr3 Peak 

Assignment 

678 - C-S Symmetric Stretch 1028 S=O 

713 - C-S Asymmetric Stretch 1308 -CH3 Symmetric 

887 - - 1399 -CH3
 
Asymmetric 

918 CH3NH3
+ 
(rocking) - 1432 -CH3 Asymmetric 

968 C-N stretching - 2909 -CH3 Vibrations 

1000  S=O Stretch 2982 -CH3 Vibrations 

1252 CH3-NH3
+
 rocking -   

1345 - C-H Symmetric 

Deformation 

  

1411 - CH3 Degenerate 

Deformation 

  

1426 - -   

1477 Asymmetric NH3
+
 

bending 

-   

1587 NH3
+
 twisting -   

 

Next, to study the possible origin of point defects affecting free charges in single crystals, we study positron interaction 

we study positron interaction with bulk defects in melt grown CsPbBr3 and MAPbBr3 by positron annihilation 

positron annihilation spectroscopy (PAS) in picosecond (ps) timescale ( 

Figure 3 d-e). In this method, Positron implanted into the sample is thermalized within a few ps, i.e. its energy is 

quickly decreased down to thermal energy, kT. Thermalized positron is delocalized in the lattice as a modulated Bloch-

as a modulated Bloch-like wave. Open volume defects, e.g. vacancies, represent potential wells for positron. Hence, if a 

for positron. Hence, if a sample contains open volume defects, the delocalized positron is trapped in these defects and its 
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in these defects and its density becomes confined in the defect which is convenient for the study of defects in materials. 

of defects in materials. Both CsPbBr3 and MAPbBr3 perovskites exhibit a single component decay according to the 

decay according to the positron lifetime spectra shown in  

Figure 3 d-e. Positron decay show an insignificant change of positron lifetime in samples 

grown by different methods (CsPbBr3: melt and MAPbBr3: solution). By fitting the positron 

lifetime spectra, CsPbBr3 and MAPbBr3 single crystals show positron lifetimes of 349.6 ps and 

343.2 ps, respectively. 

To explain the positron lifetime decay, we performed ab-initio calculations of lifetimes of 

positrons annihilated in various states based on local density  approximation (LDA)
41

. More 

details of this calculation can be found in Supplementary materials. The calculated electron 

density found in bulk and at different vacancies are shown in (Figure 4 a-d). The calculated 

electron and positron density in the (001) plane for a perfect lattice and various defects in 

CsPbBr3 are shown in Figure 4 e-h. Results of ab-initio calculations of positron lifetimes for 

various positron states in CsPbBr3 and MAPbBr3 (according to Eq. S1 and Figure 4) are 

summarized in Table 2. A cation vacancy (Cs-vacancy in CsPbBr3 and MA-vacancy in 

MAPbBr3) represents a deep positron trap in both compounds. Pb and Br vacancies are capable 

of positron trapping as well, but positron binding energy to these vacancies is smaller than to the 

Cs or MA cation vacancies. Positron binding energy to the vacancy is the difference between the 

ground state energy of delocalized (free) positron and energy of positron trapped in the vacancy. 

The modeled vacancies show larger ab-initio lifetimes than we observed in the positron 

annihilation experiment.  

To explain positron decay, we further considered the annihilation of the positron in a free 

state, which is a lattice without defects. The calculated bulk positron lifetimes according to Eq. 

S1 and (Figure 4 a and e) for a perfect lattice of CsPbBr3 and MAPbBr3 are around 355.1 and 

333.4 ps, respectively. The bulk (lattice) positron lifetimes found from the experiment are close 

to the positron lifetimes measured in both crystals. The difference in positron lifetime (several 

tens of ps) in CsPbBr3 and MAPbBr3 crystals can be explained by the interaction of positrons 

with different lattices. Due to different cations (MA and Cs), the lattice has slightly different 

cation radii and lattice constant. As a result, positron trapping and positron lifetimes are slightly 

different for inorganic and hybrid lead halide perovskites, which was confirmed by ab-initio 

calculations.  

 



8 

 

Table 2 Results of ab-initio calculations of positron lifetimes for a perfect lattice (bulk) and 

various types of vacancies. Calculated binding energy (EB) of positron to vacancies is shown in 

the table as well.  

CsPbBr3  (ps) EB (eV) MAPbBr3  (ps) EB (eV) 

Experimental PAS 

lifetime 
349.6 - Experimental PAS lifetime 343.2 - 

bulk 355.1 - bulk 333.4 - 

Cs-vacancy 364.8 0.329 MA-vacancy 357.9 0.055 

Pb-vacancy 371.9 0.023 Pb-vacancy 347.0 0.010 

Br-vacancy 394.8 0.066 Br-vacancy 342.9 0.011 

 

Doppler broadening PAS method can bring additional information about the local chemical 

environment of defects. The momentum distribution of annihilating electron-positron can be 

calculated from the first principles and be directly compared with the experimental results. The 

present approach describes well the high momentum part (p > 10  10
-3

 m0c) of the momentum 

distribution of annihilating pair with dominating contribution of core electrons which are 

localized in atomic shells retaining their atomic character. For the sake of comparison with the 

experiment, the calculated momentum distributions are presented as ratio curves with respect to 

Aluminium (Al), i.e. the calculated momentum distributions were divided by the momentum 

distribution calculated for a perfect Al crystal with an FCC structure and lattice parameter of a = 

4.0495 Å. 

 Coincidence Doppler broadening (CDB) ratio curves (related to pure Al reference) are 

plotted in (Figure 4 i). Calculated ratio curves for a perfect (defect-free) CsPbBr3 and MAPbBr3 

lattice are shown in (Figure 4 j). The ab-initio calculations of CDB curves are not accurate 

enough to allow for quantitative comparison with the experimental results. Nevertheless, there is 

clearly a good qualitative agreement between CDB curves calculated for perfect (defect-free) 

CsPbBr3 and MAPbBr3 lattice and experiment. A local maximum at p  8  10
-3

 m0c followed by 

a minimum at p  13  10
-3

 m0c and a broad peak located at higher momenta observed in the 

experimental curves are well reproduced in calculated curves. MAPbBr3 exhibits a lower peak at 

p  8  10
-3

 m0c and position of the local minimum and the following broad peak are shifted to 

slightly at higher momenta compared to CsPbBr3. This is reproduced in the calculated curves as 

well. Hence, it can be concluded that CDB data are in agreement with results in Figure 3c that 

positrons in both samples (CsPbBr3 and MAPbBr3) are annihilated predominantly in the free 

state, i.e. not trapped at defects. Positron annihilates at the bulk of perovskites interacting with 
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lattice but not with defects. Due to proven positron annihilation in the lattice of lead bromide 

perovskite crystals, we can estimate the maximum vacancy concentration to be around 10
15

 cm
-3 

by considering a lower sensitivity limit of positron annihilation spectroscopy for negatively 

charged vacancies due to the dominance of delocalized bulk state and low positron trapping 

rate
42

. 

In summary, comparing the charge decay by TRPL and ToF, we can conclude that these 

two methods show different decay dynamics. Free carriers drifting in the ToF experiment are 

mainly affected by defects in the bulk of perovskites. Meanwhile, surface quality has a 

substantial effect on PL decay. TRPL does not reflect the lifetime of charge carriers in the bulk 

of perovskites. The dominant charge losses occur at the surface defects with a recombination 

lifetime of several to hundreds of nanoseconds. The bulk charge transport shows a much longer 

lifetime of hundreds of microseconds. Among studied hybrid and inorganic lead bromide 

perovskites, the CsPbBr3 crystal grown from melt show a longer lifetime of charge carrier from 

bulk, 210 µs. We attribute the difference in charge transport properties between melt and 

solution grown crystals to solvent trapping within solution grown single crystals. DMSO peaks 

were detected by Raman and FT-IR spectroscopies in solution grown single crystals. By 

analyzing the PAS results, we conclude that positrons annihilate in the free state (i.e. not trapped 

at defects) in both all-inorganic and hybrid perovskite semiconductors grown by different 

methods. From a comparison of measured experimental positron lifetimes and Doppler 

broadening with ab-initio calculations, CsPbBr3 grown from solution and melt and solution 

grown MAPbBr3 show a similar mechanism of positron annihilation in the lattice. Thus, both 

inorganic and hybrid perovskites do not contain defects capable of positron trapping i.e. the 

concentration of vacancies is lower than 10
15

 cm
-3

.  

This study clarifies the impact of growth conditions on the performance of hybrid and all-

inorganic radiation sensors. The comparison of the fundamental properties of single crystals 

grown from the melt and solution gives valuable information needed for further development of 

perovskite materials. The demonstrated defect nature and recombination channels reveal further 

pathways that can lead to more efficient, stable, and cheap perovskite devices. 

 

Methods 

Single Crystal Solution Growth 

The MAPbBr3 and CsPbBr3 single crystals were grown using the inverse temperature 

crystallization method
43

. MABr (99.99% from Greatcell Solar Materials), CsBr (99.999% from 

SigmaAldrich), and PbBr2 (99.999% from SigmaAldrich) were used without further purification. 
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For MAPbBr3, a molar ratio of 1.2 to 1 of MABr to PbBr2 were dissolved in N,N-

Dimethylformamide (99.8% anhydrous from SigmaAldrich) for a 1M solution. For CsPbBr3, a 

molar ratio of 1 to 2 of CsBr to PbBr2 were dissolved in Dimethyl Sulfoxide (99.9% anhydrous 

from SigmaAldrich) for a 1M solution
44

. Both solutions were filtered using a 0.2 μm PTFE 

membrane syringe filter. Crystals precipitated during gradual heating at a rate of 5 ˚C/day from 

room temperature to ~70 ˚C for MAPbBr3 and ~120 ˚C for CsPbBr3. 

Single Crystal Bridgman technique  

CsPbBr3 crystals were grown by the Bridgman technique. CsBr (6N) and PbBr2 (5N) 

(manufactured by Alfa Aesar) in equimolar amounts were loaded in a quartz ampoule and 

evacuated to 10
-5

 mbar. The ampoule then was sealed and placed in a three-zone vertical furnace. 

Synthesis of perovskite occurred by the fusion of starting materials. The ampoule with 

components was slowly heated to a temperature of 645C which exceeding the melting points of 

both reagents. At this temperature, an isothermal holding was carried out for several hours to 

achieve melt homogenization and complete the reaction between CsBr and PbBr2. Thereafter, the 

furnace was cooled down to room temperature for 20 hours. The next step was growing a single 

crystal of CsPbBr3. The ampoule with the synthesized material was slowly heated up to 585 ° C 

and lowered with a rate of 3 mm/h into the “cold” zone of the furnace until the ingot 

crystallization was complete. After this, lowering was stopped and the grown crystal was slowly 

cooled down to room temperature for 30 hours.  

Photoluminescent Spectroscopy 

Photoluminescence (PL) and time-resolved photoluminescence measurements (TRPL) were 

performed using a Horiba Fluorolog3 spectrometer. A 405 nm CW laser was used for excitation 

during PL measurements. A 343 nm pulsed laser (280 fs, 200kHz) was used for TRPL 

measurements at the peak emission intensity. 

Luminescence measurements 

Confocal microspectrofluorimeter adapted for time–resolved fluorescence measurements by 

using a phase–modulation principle with homodyne data acquisition was employed to obtain 

fluorescence spectra of Perovskite samples and to determine the fluorescence lifetimes. Laser 

diode module (Omicron LDM 442.50.A350, Germany) with sinusoidal intensity modulation (50 

mW peak output, attenuated to one to tens of μW at the sample) was used for the excitation at 

445 nm wavelength. Confocal epifluorescence upright microscope (Zeiss UMSP–80, Germany) 

with a 10× objective was used to collect the fluorescence emission signal from excited volume of 

the sample. It is focused on the entrance slit of the Jobin–Yvon HR640 spectrograph equipped 
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with a 100 line/mm grating. The spectral detection window (375 nm wide) covered both the 

excitation wavelength (elastic scattering provided us a lifetime reference) and the perovskite 

emission spectrum. The fluorescence lifetime was calculated from the frequency-dependent 

phase shift and the intensity demodulation for modulation frequencies covering evenly 5 – 

165 MHz interval. Calculated phase differences and modulation ratios are used as an input table 

for GLOBAL fitting program (Laboratory for Fluorescence Dynamics, Irvine, USA) to calculate 

single fluorescence lifetime components and their percentage spectral representation. 

Raman Spectroscopy and FT-IR Measurements 

Raman spectroscopy was carried out on a HORIBA XploRA PLUS Raman system with a 

785nm laser at 1mW through a confocal microscope with a 100x objective lens. Multiple scans 

were averaged for each measurement between 600-2500cm
-1

. FT-IR spectroscopy on uncrushed 

single crystals and dimethyl sulfoxide (DMSO) was performed on the Thermo-Scientific Nicolet 

iS50 FT-IR.  

Positron annihilation spectroscopy 

A 
22

Na radioisotope with an activity of 1 MBq sealed between two Mylar foils with a thickness 

of 2 m.was used as a positron source. A digital spectrometer with a time resolution of 145 ps 

(FWHM of the resolution function) was used for positron lifetime measurements. Fitting of 

positron lifetime spectra was performed using the PLRF code
45

. The source contribution to the 

LT spectra consisted of (i) a component with lifetime of 368 ps and relative intensity of  10% 

representing a contribution of positrons annihilated in the source spot and inside the Mylar foil, 

and (ii) a weak long lived component with lifetime of 1.5 ns and intensity  of 1% originating 

from pick-off annihilation of ortho-positronium formed in the covering Mylar foil. The CDB 

studies were carried out using a digital spectrometer equipped with two high-purity Ge detectors. 

The CDB spectrometer was characterized by an energy resolution of 0.9 keV at the annihilation 

line and a peak-to-background ratio higher than 10
5
. The results of the CDB measurements are 

presented in this paper as ratio curves related to a well-annealed pure Al (99.9999%) reference 

sample. 

Positron annihilation ab-initio calculations 

Positron annihilation related parameters (positron lifetimes and momentum distribution of 

annihilating electron-positron pairs) were calculated using the density functional theory (DFT).  

Ab-initio calculations of positron parameters were performed within the so-called standard 

scheme
46

. In this approximation, positron density is assumed to be everywhere vanishingly small 
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and not affecting the bulk electron structure. Modeling of point defects was performed using 320 

atom-based supercells consisting of 4  4  4 perovskite units. Vacancies were created simply by 

removing corresponding atoms. Details of calculations of positron lifetimes are described in the 

Supplementary materials. 
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Figure 1 Photoluminescent spectra of CsPbBr3 and MAPbBr3 single crystals grown by melt 

(Bridgman) and solution methods. (The images on right show the surface emission after the 

excitation with 445 nm laser. More details can be found in SI Figure S1 and method section. 
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Figure 2 a) Time-resolved photoluminescence (TRPL) decay of CsPbBr3 and MAPbBr3 single 

crystals grown by melt and solution methods. b) Time of Flight current waveform (ToF-CW) 

decay in melt grown CsPbBr3 and solution grown MAPbBr3 samples. 
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Figure 3 Raman spectra for solution grown MAPbBr3, solution grown CsPbBr3, and melt grown 

CsPbBr3 single crystals for a) low wavenumbers and b) high wavenumbers. Shown in c) is the 

FT-IR results for the same crystals. d) and e) Positron lifetime spectra measured in melt grown 

CsPbBr3 and solution grown MAPbBr3 respectively. The details on the fitting procedure can be 

found in the method section. 
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Figure 4 Calculated electron density in the (001) plane for a) CsPbBr3 lattice with no defects, b) 

Cs vacancy, c) Br vacancy, and d) Pb vacancy, e), f), g), and h) show corresponding positron 

density obtained from the Ab-initio calculations. i) Experimental CDB ratio curves (with respect 

to Al reference) for CsPbBr3 and MAPbBr3 samples grown by different methods. j) Calculated 

CDB ratio curves (with respect to pure Al reference) for free positrons in CsPbBr3 and 

MAPbBr3. 
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Supplementary Materials 

Positron annihilation ab-initio calculations 

In the first step the Electron density n-(r) in the material was calculated without 

presence of positron. Subsequently, the effective potential for positron was constructed as 

𝑉+ 𝒓 = 𝜙 𝒓 + 𝑉𝑐𝑜𝑟𝑟  𝑛−, ∇𝑛− , 

where ϕ(r) is the Coulomb potential produced by the charge distribution of electrons and nuclei 

and Vcorr is the electron-positron correlation potential in the limit of vanishing positron density
46

.  

In the second step the ground state of positron wave function  𝜓+ 𝒓  was calculated by solving 

of a single particle Schrödinger equation 

−
1

2
∇2𝜓+ 𝒓 + V+ 𝒓 𝜓+ 𝒓 = 𝐸+𝜓+ 𝒓 , S(1) 

where E+ is the positron ground state energy.  

The positron lifetime is determined from the overlap of the electron density n-(r) and the positron 

density  𝑛+ 𝒓 =  𝜓+ 𝒓  2  using the expression 

𝜏 =  𝜋𝑟𝑒
2𝑐  𝑛+ 𝒓 𝑛− 𝒓 𝛾 𝑛−, ∇𝑛− 𝑑𝒓 

−1

, S(2) 

where re is the classical electron radius and c is the speed of light. An enhancement of electron 

density at the site of positron due to positron-electron correlation was taken into account through 

the enhancement factor  which accounts for an enhancement of the electron density at the site of 

positron
46

. . The enhancement factor  and the electron-positron correlation potential Vcorr were 

treated within the local density approximation (LDA) using the parametrization by Boronski and 

Nieminen
41

. Within this approach the enhancement factor  and the electron-positron correlation 

potential Vcorr are determined by the local electron density n- and its gradient n- at the positron 

annihilation site.  

The momentum distribution of annihilating electron-positron pairs was calculated using the 

approach described in
47, 48

. Electrons belonging to a shell of i-th atom described by the principal 

quantum number n and the angular quantum number l contribute to the momentum distribution 

by a contribution 

𝜌𝑖,𝑛𝑙  𝑝 = 4𝜋2𝑟𝑒
2𝑐𝑁𝑖,𝑛𝑙𝛾𝑖,𝑛𝑙   𝑅+

𝑖 𝑅−
𝑖,𝑛𝑙𝐵𝑙 𝑝𝑟 𝑟2𝑑𝑟 

2

 S(3) 

 

where N
i,nl

 is the number electrons in the shell n,l; Bl is the spherical Bessel function and 𝑅+
𝑖 , 

𝑅−
𝑖,𝑛𝑙 denote the radial part of positron and electron wave functions. The symbol 

i,nl
 stands for the 

state-dependent positron enhancement factor
48

. The total momentum distribution of the 

annihilating electron-positron pairs was obtained by summing the partial contributions 𝜌𝑖,𝑛𝑙  𝑝  
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of electron shells of overall occupied atomic sites and corresponding electron shells. To account 

for a finite energy resolution of the CDB spectrometer the calculated momentum distributions 

were convoluted with a Gaussian function with FWHM of 3.5 × 10
3
 m0c. 

   

Microspectrofluorimeter setup 

 

 
 

Figure. S1. Block Scheme of the microspectrofluorimeter setup 

 


