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Abstract 

Two-dimensional (2D) hybrid lead halide perovskites are potential candidates for high light 

yield scintillators as they have small bandgaps between 3 and 4 eV and large exciton-binding 

energy. Here we discuss the scintillation properties from a total of eleven organic/inorganic 

hybrid perovskite crystals with two already reported crystals, (PEA)2PbBr4 and (EDBE)PbBr4. 

Their photoluminescence (PL) and X-ray luminescence (XL) spectra are dominated by narrow 

and broad band emissions and they correspond to free exciton and self-trapped exciton, 

respectively. The lifetimes derived from Time-Resolved XL strongly vary from 0.6 to 17.0 ns. 

These values make this type of compound amongst the fastest scintillators. For the light yield 

derived from the XL, we found that only (PEA)2PbBr4, (EDBE)PbBr4 and (BA)2PbBr4 crystals 

have light yields between 10,000 and 40,000 photons/MeV. The mechanisms for thermal 

quenching and afterglow are discussed in order to optimize the light yields. With gamma-ray 

excitation, we reported the best energy resolution of 7.7% at 662 keV with excellent 

proportionality. Finally, this study paves the way towards the ultimate high light yield and fast 

scintillators for medical and homeland security applications. 
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INTRODUCTION 

The platform for light manipulation offered by two-dimensional (2D) organic/inorganic hybrid 

perovskites has boosted the extensive investigation in their light emitting applications1-4. In 

addition to the intrinsically heavy Pb element that can enhance the absorption of high-energy 

X-rays and gamma-rays (see energy-dependent attenuation length in Figure S1 in the 

Supporting Information), 2D perovskites are able to show high scintillation light yield and 

different emission patterns depending on the combination of organic cations and halide anions5-

6. Depending on practical demands, their emissions can be tuned by composition to be either 

narrow thus displaying high-purity color7-8, or broad therefore rendering white-emissions9-10. 

Several recent reports regarding 2D perovskite scintillators have shown very promising 

preliminary X-ray scintillation results11-14. Perovskite scintillators manifest several merits, for 

instance, comparable light yield to commercial scintillators11-12, fast decay, and more 

importantly, low cost from low-temperature solution-processing synthesis. In addition, 2D 

perovskites have shown remarkable environmental and thermal stability, and large Stokes’ 

shifts, usually coupled with very broad emission compared to their three-dimensional (3D) and 

quantum dot counterparts15-16. These advantages qualify 2D perovskites to be superior 

scintillators and hold the commercialization potential provided through optimal crystal and 

synthetic design.  

Despite promising results, practical issues for potential commercialization still need to be 

addressed; for instance, high quantum efficiency and tuning of the emission wavelength to 

maximize the coupled commercial photodetector efficiency17. In this work, we synthesized 11 

different 2D bromide and iodide perovskite crystals and created a library of X-ray 2D 

perovskite scintillators. These include butylammonium lead bromide ((BA)2PbBr4), 

cyclohexylammonium lead bromide ((CHA)2PbBr4), octylammonium lead bromide 

((OA)2PbBr4), 1,4-diaminobutane lead bromide ((DAB)2PbBr4), N-(3-aminopropyl)imidazole 
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lead bromide ((API)PbBr4), 2-(2-aminoethyl)isothiourea lead bromide ((AEIU)PbBr4), 

phenethylammonium lead bromide ((PEA)2PbBr4), 2,2 ′ -(ethylenedioxy)bis(ethyl- 

ammonium) lead bromide ((EDBE)PbBr4), butylammonium lead iodide ((BA)2PbI4), 

cyclohexylammonium lead iodide ((CHA)2PbI4) and octylammonium lead iodide ((OA)2PbI4). 

The information regarding the molecular formula, volume, mass density and atomic effective 

number is presented in Table S1 in the Supporting Information. Our focus is on the bromide 

and iodide perovskites as they typically emit in the visible region, while most chloride 2D 

perovskites have their strongest emission in the UV or near-UV region, which is not 

maximizing the efficiency of the coupled CCDs in X-ray detection18-19. We first confirmed the 

crystals structure with X-ray diffraction (XRD) characterizations and then carried out 

photoluminescence (PL) measurement to demonstrate the narrow emission and the broad 

emission from these perovskites at room temperature (RT). Based on our available results, we 

extract the effect of the organic cations and the halide anions on narrow or broad emission. 

Temperature-dependent XL spectra of perovskite scintillators provide the detailed information 

on emission from 10 to 350 K. (BA)2PbBr4, (OA)2PbBr4 and (PEA)2PbBr4 show the negative 

thermal quenching behavior,20-21 i.e. stronger luminescence emissions are observed as the 

temperature increases, which could be practically useful, such as in reducing cooling 

necessities for the scintillator and improved performance at higher temperatures. Regarding to 

the scintillating performance, the light yield of (BA)2PbBr4 is the highest at 3.7 times greater 

than that of (PEA)2PbBr4 (~40,000 photons/MeV at RT), as well as being more stable from 

10 to 350 K compared to the others. In conjunction with the 5.3 ns fast decay time, (BA)2PbBr4 

could be a potential superior scintillator. For pulse height spectra, we report the best energy 

resolution of 7.7% at 662 keV of gamma-ray excitation for high-quality Lithium doped 

(PEA)2PbBr4 scintillator showing the potential applications in spectroscopy.  



  

5 

 

  RESULTS AND DISCUSSION 

Our perovskite crystals were synthesized using a modified version of the acid precipitation 

method22. XRD spectra of our 2D perovskites are shown in Figure 1a. Theoretical lines for 

some of the materials are shown in Figure S2.  The prominent peaks in the 4-9° range are the  

representatives of the (001)-orientated layer structures as displayed in Figure 1b (except for 

(API)PbBr4, (AEIU)PbBr4 and (EDBE)PbBr4 which are in the  (110) configuration),9, 23 where 

two inorganic sheets are separated by a layer of organic molecules (further structure 

representations of the 2D-perovskites are shown Figure S3). These organic cations attach to 

the inorganic sheets by hydrogen bonding and Coulomb interactions, attaching to the halides 

and acts like cations. According to Bragg’s law, peaks at the lower angle indicate a larger space 

between two inorganic sheets which is determined by the size or length of the organic cations 

rather that of the inorganic sheets. Therefore, both (OA)2PbBr4 and (OA)2PbI4, with the longest 

chains show XRD peaks at the lowest 4°, though the angle for iodine is bigger than for bromine, 

while the shorter BA counterparts display peaks at the higher value of 6°. The bulky PEA cation 

can also considerably increase the layer spacing. From these XRD patterns, we can directly 

compare the different size or the length of the organic cations in respective (001) or (110) 

groups and we have plotted the theoretical interlayer distance of the two-dimensional 

perovskite versus the experimental reflection angle in Figure S4, including fit with the expected 

Bragg-reflection trend. A further discussion on the role of the organic cations on the structure 

of the perovskite is presented in Supplementary Information, after Figure S4. We also note that 

for the AEIU, API and DAB perovskites variants the peak in the 4-9° range is rather weak. 

This might be the consequence of preferred orientation of the micro-crystals in the powder 

XRD samples and the possible presence of amorphous phases, which might lead to the 

attenuation of the small angle Bragg reflection peak. Figure 1c shows the images of four 

representative 2D perovskites with relatively strong brightness under UV excitation. As seen 
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in the figure, the average size of the crystals is smaller than 5 mm and it is usually very thin, 

as two-dimensional perovskites prefer a lateral orientation growth. A picture of larger crystals 

is shown in Supplementary Figure S5. Among these perovskites, we find that (AEIU)2PbBr4 

shows white color emission, while (BA)2PbBr4, (OA)2PbI4 and (CHA)2PbBr4 exhibit clear blue, 

green and red emissions. In addition, to demonstrate our perovskite scintillators, we prepared 

a (PEA)2PbBr4 scintillating screen by spin-coating and used it in X-ray imaging. Figure 1d 

shows the blue emission from the (PEA)2PbBr4 film with a thickness of about 70 m similar 

to that in our previous report24 and Figure 1e shows the X-ray imaging of a paper clip inside 

an envelope. Due to stronger absorption of X-ray by the stainless steel, the paper clip can be 

easily distinguished by shadow-induced contrast. Additionally, high brightness from the 

(PEA)2PbBr4 ensures the high and clear contrast between the emitting scintillator screen and 

paper clip shadow.  
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Figure 1. Crystallographic properties and X-ray imaging a) X-ray diffraction patterns of all the 

investigated two-dimensional (2D) perovskite crystals. b) Crystal structure representation of 

one of 2D perovskite crystals: (BA)2PbX4 (X= Br, I). c) Different color emissions of four 

representative perovskite crystals under UV lamp. Scale bar is 5 mm. d) Blue emission 

(PEA)2PbBr4 film on glass substrate. e) X-ray imaging image of a paper clip inside an envelope 

using film in e). Scale bar in d) and e) is 1 mm. 
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Figure 2a shows the PL spectra at RT. To gauge the stability of our perovskites, we carried out 

preliminary measurements of the PL under ambient conditions (RT, humidity > 65%). We 

observed a loss of luminescence for the crystals of only 6±2 % after one week of exposure to 

environmental conditions for (BA)2PbBr4 and (PEA)2PbBr4. The PL excitation (PLE) spectra 

are shown in Figure S6 in the Supporting Information. For bromide perovskites, only 

(BA)2PbBr4 and (PEA)2PbBr4 exhibit narrow emission whose full wide at half maximum 

(FWHM) is less than 30 nm, while the others exhibit broad emission whose FWHM is larger 

than 40 nm. It is reported that the broad emissions of (API)PbBr4, (AEIU)PbBr4 and 

(EDBE)PbBr4 originate from the their (110) corrugated crystal structures, which is common in 

early found white-light emission perovskites9, 23. The (110) corrugated structures often result 

in self-trapped excitons. Also, (100)-type flat (CHA)2PbBr4 has two emissions, one free 

excitonic emission at 425 nm, and another very broad emission peaking at 520 nm. Self-trapped 

excitons again can be also the hypothesis to explain these broad emissions in the case of (100)-

orientated structure, though this phenomenon is rare25. In the self-trapped exciton theory, 

photo-induced excitons can generate transient lattice distortions and the excitons themselves 

can interact with the lattice ‘trap’. The large amplitude of distortion and energy release after 

stabilization of the trapped excitons often result in a large Stokes shift and broad emission. The 

previously reported Stokes shift of (AEIU)PbBr4 (0.63 eV)26 and (EDBE)PbBr4 (0.98 eV)12 

also can be seen from PL and PLE in Figure S6. Perovskites with narrow emission usually have 

relatively small Stokes shift like (BA)2PbBr4 (0.16 eV)27 and (PEA)2PbBr4 (0.07 eV)24. The 

linear alkyl chains in BA and OA differ in length leading to a difference in emission width, 

both crystals have a main peak around 420 nm, with OA having a significantly larger towards 

longer wavelengths. The difference might originate from a larger octahedral geometry 

distortion in OA, which also results in broader emission28-30. PEA and CHA have both 
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relatively bulky-ring structures, but they also demonstrate a significant emission difference 

between narrow and broad emissions.  

Diammonium variant (DAB)2PbBr4 with linear alkyl chain has a very similar narrow emission 

pattern to monoammonium variants (BA)2PbBr4 and (OA)2PbBr4 except for different peak 

positions.  So far, there has been still no decisive conclusive explanation for such significant 

differences resulting from very similar organic cations, making it very difficult to conduct 

reliable a priori predictions, and we must still mainly rely on experimental data to discern the 

optoelectronic properties of 2D perovskite crystals. The broad emission in iodide perovskites 

seems to be quenched somehow compared to their bromide counterparts although peaks or 

shoulders can be seen. The quenching of broad emission upon high iodide content occurs in 

other layered perovskites as well9-10, 31.  We also observe evidence of a dual bandgap structure, 

which is characterized by a double peak, in (BA)2PbBr4 and (BA)2PbI4, as it was also 

previously reported in literature32. The OA and DAB variants show this feature as well, albeit 

weakly, with the OA variant also having been previously been reported33. The dual bandgap 

could be explained by the surface and bulk emissions as a result of reabsorption and partial 

transparency to their own luminescence34. Crystals that are only a few monolayer thin, having 

a relatively larger contribution from the surface states to their emission, exhibit thus a blue 

shifted peak compared to large bulk crystals. Since the synthesized crystals were rather thin, 

both the surface and bulk emission are observed in the PL spectra in Figure 2a for the BA 

variants. The OA and DAB variants showed a less pronounced double peak, probably because 

they were thicker, and the surface states become less prominent (see Figure S7). 

Figure 2b shows the time-resolved PL (TRPL) decay curves of the perovskite crystals, with the 

average decay times are also tabulated in Table 1, which were calculated from the three 

exponential decay fits35 and their components with their contributions are shown in Table S2. 

Most perovskite crystals show a fast decay, below 6.4 ns, except (EDBE)PbBr4, whose decay 
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is up to 12.4 ns. The longer decay for (EDBE)PbBr4 is related to the substantially long lifetime 

of the exciton self-trapping process which also explains its very broad PL spectrum. In addition, 

bromide perovskites exhibit longer decay times than their iodide counterparts. Based on our 

observations, the bromide variants also have brighter emission than iodide counterparts under 

the same excitation conditions. It is likely that fast non-radiative decay processes dominate in 

the iodide variants, causing a quenching in PL and faster decay times. We note that the decay 

times of films and crystals are not much different (Figure S8). 

 

Figure 2. Photoluminescence and decay curves a) Photoluminescence (PL) spectra of 2D 

perovskite bromide and iodide single crystals. For bromide and iodide crystals, the excitation 

wavelengths for PL spectra are 260 and 400 nm, respectively. b) Time-resolved PL (TRPL) of 

all 2D perovskite crystals with excitation and emission wavelengths respectively at 266 and 

425 nm for bromide crystals, while these values being at 355 and 500 nm for iodide crystals. 

White solid lines indicate three exponential fits and Table S2 shows their components. 
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Because excitation under X-ray involves charge carriers, and thus potential trapping effects, 

we further investigated the temperature-dependent XL from 10 to 350 K. Figure 3 plots the 

temperature-dependent XL 2D maps of some representative perovskites to illustrate their 

different patterns and the others can be found in Figure S9 in the Supporting Information. It is 

reported that the broad emissions in some (001)-oriented perovskites are temperature-

dependent.28 This may hold true for BA and OA, which differ only in the alkyl chain length. 

The difference in alkyl chain length does not cause a significant difference for the emission at 

RT. Both spectra show a main peak around 420 nm, with OA showing a broader tail at longer 

wavelengths, similar to their PL profiles. OA and BA have a similar FWHM as temperature 

decreases. Notably, emissions from (BA)2PbX4 and (OA)2PbX4 do not monotonically increase 

upon cooling down and reach their maxima at around 250-300 K rather than at the lowest 

possible value of 10 K. Such behavior could be attributed to a trap-assisting emission process 

or negative thermal quenching20-21. The dominant factor in determining emission peak 

wavelength is the anion (Br, 420 nm and I, 520 nm), while the length of the organic cation 

within the same group (BA and OA are both linear alkyl chains) has little effect on the peak 

wavelength itself. At low temperatures below 50 K, extra broad emissions (although very weak 

in (BA)2PbBr4) at 500-600 nm occur and it is likely due to bound excitons which can only be 

stabilized at low temperature. On the other hand, (CHA)2PbBr4 and (CHA)2PbI4 behave 

distinctively where (CHA)2PbBr4 has much broader emission than (CHA)2PbI4 in the whole 

temperature range. (CHA)2PbBr4 and (CHA)2PbI4 represent the more universal trend in 

perovskites, where thermal quenching dominates at high temperatures and strongest emissions 

occur at the lowest temperatures. Regarding cations effects, (CHA)2PbBr4 and (PEA)2PbBr4 

have similar bulky cation, but these two cations result in different configurations of their 

inorganic layers and therefore their spectra are completely different. We should point out that 

the crystal phases are temperature dependent as well, which may explain the distinctive sharp 



  

12 

 

emissions at 500 nm below 203 K in (BA)2PbI4 and (OA)2PbI4. Comparison of the PL and XL 

at RT is shown in Figure S10. Generally, the XL emissions of most perovskites we examined 

closely resemble their PL emissions. Some of the smaller wavelength peaks are absent in the 

XL spectra, particularly those of (BA)2PbX4 and (CHA)2PbX4, which is to be attributed to the 

lack of XL emission from surface states, as we explained previously and shown in Figure S7. 

(PEA)2PbBr4 and (OA)2PbI4 show a clear red-shifted XL compared to their PL, which might 

possibly be attributed to the same phenomenon. 



  

13 

 

 

Figure 3. X-ray luminescence and temperature dependence. X-ray luminescence spectra (XL) 

of a) (BA)2PbBr4, b) (BA)2PbI4, c) (OA)2PbBr4, d) (OA)2PbI4, e) (CHA)2PbBr4 and f) 

(CHA)2PbI4 measured from 10 to 350 K.  
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Afterglow often appears under ionizing radiation.  It is generally undesirable, particularly, for 

scintillators used for fast image processing applications. We thus performed 

thermoluminescence measurements (TL) to characterize the residual luminescence. Figure 4a 

shows the afterglow after an X-ray irradiation duration of 720 s. The perovskite crystals were 

first kept at 10 K for 120 s and then exposed to X-rays for another 600 s at 10 K to stabilize the 

luminescence and minimize potential interferences. After terminating the X-ray radiation, the 

luminescence of (BA)2PbBr4, (DAB)PbBr4, (PEA)2PbBr4 and (BA)2PbI4 drop from maximum 

to less than 1% within 5 s. The exponential fits to the afterglow are presented in Table S2 in 

the Supporting Information. The curves for (CHA)2PbBr4, (OA)2PbBr4, (API)PbBr4, and 

(AEIU)PbBr4 have more than 2% residual luminescence after 5 s. The afterglow of 

(EDBE)PbBr4 is considerably higher than the other perovskites, exhibiting 16% residual 

luminescence, even after 5s. The average afterglow mean decay lifetimes of more than 280 s 

are recorded for (AEIU)PbBr4, (EDBE)PbBr4 and (OA)2PbI4. Perovskites with stronger 

afterglow also exhibit distinctive thermoluminescence glow peaks emerging from 30 to 120 K, 

after increasing temperature as shown in Figure 4b. Different glow peak positions are a result 

of different trap depths of these perovskites. After applying fittings to these glow peaks (Figure 

S11), the trap depths are found to vary from 20 to 250 meV (see Table S4). These are much 

deeper energies in comparison with those in 3D perovskite crystals. The traps in this case are 

considered as a result of transient exciton-lattice coupling and not necessarily, or exclusively, 

from permanent defects like impurity as reported earlier25. Note that (OA)2PbI4 seems to be an 

exception because it has narrow emission similar as (OA)2PbBr4, but it shows apparent residual 

luminescence and a clear afterglow peak.  
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Figure 4. Thermoluminescence afterglow and glow peaks from low-energy trap states after X-

ray excitation. a)  Low temperature afterglow recorded at 10 K and b) glow peaks recorded 

after 600 s X-ray irradiation at 10 K and subsequent heating rate of 0.14K/s for all 2D 

perovskite single crystals. White solid lines in a) indicate single or double exponential fits and 

Table S3 shows their components. 

 

We also compared the light yield and X-ray excited decay times of our 2D perovskites in Figure 

5. The main method to determine the light yield in this work was done through the integrated 

intensity comparison from the XL spectra of some 1-m-size crushed perovskite crystals with 

a consideration of the perovskite amounts, see Figure S12 in the Supporting Information. We 

used (PEA)2PbBr4 as a reference as our obtained absolute light yield from gamma-ray pulse 

height measurements at RT (Figure S13) as it is the same as in the previous works 24, 36. We 
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used this method since it will be more convenient to determine values for low light yield 

crystals. Another method based on the comparison between the positions of photopeaks in the 

gamma-ray pulse height spectra and the single electron responses is also performed, see Figures 

S13 and S14 in the Supplementary Information. Since only three samples show photopeaks 

((BA)2PbBr4, (PEA)2PbBr4, and (EDBE)PbBr4), we only can confirm the light yields from 

those samples. Figure 5a shows the temperature-dependent light yield normalized to that of 

(PEA)2PbBr4 at 300 K. The light yield at each temperature was calculated by the integration of 

the corresponding XL. Due to the negative thermal quenching behaviors, (PEA)2PbBr4 and 

(BA)2PbBr4 have higher light yields at elevated temperature, while other perovskites suffer 

from the thermal quenching, so their light yields decrease. Between 250 and 350 K, (BA)2PbBr4 

exhibits the highest light yield of all the 2D perovskites investigated. Above 280 K, 

(EDBE)PbBr4 and (PEA)2PbBr4 has almost the same light yield, while below (EDBE)PbBr4 

and (CHA)2PbBr4 show higher light yield than (PEA)2PbBr4. By comparing the bromide and 

iodide variants with the same organic cation, for instance, (BA)2PbBr4 and (BA)2PbI4, it is 

apparent that bromide ones have higher light yields. Both curves of (OA)2PbBr4 and (OA)2PbI4 

are on the bottom and it may imply that long alkyl cation (n ≥ 8) perovskites are impractical as 

scintillators. All investigated perovskites show relatively little change in light yields in the 

range between 250 and 350 K, making them suitable for applications where variable 

temperature might be an issue. Because of their higher light yields, (BA)2PbBr4, (PEA)2PbBr4, 

(EDBE)PbBr4 are worth for further investigation in practical applications.  

We also calculated the maximum theoretical light yield values of the investigated 2D 

perovskites from the band gap of the materials:  LY = (106·S·Q)/(·Eg), where S is the efficiency 

of electron–hole transport to the optical center, Q is the is the luminescence quantum efficiency 

of the optical center and  is a constant, usually with a value of ~2.5. The values were tabulated 
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in Table 1. Assuming no losses in quantum efficiency and charge transport, putting S and Q 

equal to 1, the theoretical light yield of the perovskite bromides with a bandgap between 3 and 

4 eV is around 100,000 photons/MeV, with slightly higher values for the API and AEIU which 

could reach higher values between 130,000 and 140,000 photons/MeV. For the iodide variants, 

having a smaller bandgap, the theoretical limits are around 160,000 photons/MeV. All those 

theoretical limit values need to be compared with the practical light yield from the experiments. 

To determine the experimental light yield in Table 1, here we used the method described above 

in Figure 5. However, regardless the proportionality, we found that the light yields obtained 

from XL is in the same order as those obtained from gamma-ray pulse height spectra. The 

number of the light yield is then normalized with (PEA)2PbBr4 intensity while the light yield 

of that crystal is 11,400 photons/Mev, see Figure S13 in the Supplementary Information. 

However, most perovskites show significant losses compared to the theoretical limit, while the 

light yields between 10,000 and 40,000 photons/MeV are only to be found in (PEA)2PbBr4, 

(EDBE)PbBr4, and (BA)2PbBr4 crystals. Beside the highest integrated intensity sample of 

(BA)2PbBr4, which has a loss of light yield merely 60% compared to the theoretical maximum, 

most perovskites have a light yield of 13% or less, with the iodide variants showing less than 

1% light yield, compared to the theoretical maximum. Since charge transport in 2D perovskites 

is usually efficient, showing good (in plane) mobilities and good exciton dissociation and 

lifetimes37, the main bottleneck for the iodide-variants is probably luminescence quenching, as 

suggested from our luminescence lifetime measurements (Figure S15). The average lifetimes 

of iodide variants at 100 K are between 14 and 25 times slower than those at RT. Overall, 

factors like trapping, concentration quenching, or auto ionization can also play a significant 

role in the scintillation efficiency of the 2D perovskites.  Further charge carrier conduction 

studies and quantum yield analysis is however necessary for a more in-depth analysis of the 

bottlenecks of the 2D perovskite scintillator performance. 
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Beside light yield, decay time is another important scintillator parameter. Figures 5b-c display 

Time-Resolved XL (TRXL) decay curves of all investigated perovskites. The decay curves 

were fitted with three exponential decay components and the average decay time values are 

listed in Table 135. Most bromide perovskite variants have similar decay times of between 1.1-

6.4 ns, except (API)PbBr4, (PEA)2PbBr4, and (EDBE)PbBr4. Iodide variants show usually 

faster decay times, below 2 ns. In general, perovskites here demonstrate faster PL decay than 

XL decay. The decay differences are larger in case of bromide perovskites (except 

(CHA)2PbBr4 and (OA)2PbBr4) than iodide variants. This is due to the different scintillation 

mechanisms for both perovskites in which iodide variants together with two bromide crystals 

((CHA)2PbBr4 and (OA)2PbBr4) are dominated by direct electron hole recombination38. In 

terms of the high light yield and fast decay we are aiming at, (BA)2PbBr4 has the best 

scintillating performance from 10 to 350 K. Due to the negative thermal quenching 

characteristics, (PEA)2PbBr4 can be a decent scintillator at RT or above. Other scintillators 

suffer from the thermal quenching and have lower light yield than the above two perovskites 

at higher temperature. The comparison of effect of different cations on light yield is limited to 

this library and we cannot predict the performance of other cations. Experimental data in that 

case is still required for a convincing comparison. In addition, compared to commercial NaI:Tl 

scintillator, our best 2D perovskite have comparable yield but decay times 2 orders of 

magnitude faster (<5 vs 500 ns). With such a light yield and fast decay, 2D perovskite 

scintillators can be very competitive for fast imaging applications. In addition to X-ray 

scintillators, 2D perovskite scintillators also work well for gamma-ray spectroscopy. For 

(BA)2PbBr4, pulse height spectra for different gamma-ray excitations show the energy 

resolution as low as 13% at 662 keV, with the light yield at 59.5 keV excitation energy 

increasing to 20% in comparison to that at 662 keV; see Figure S14 in Supporting Information. 

The 20% nonproportionality at 59.5 keV shows that the light yields from X-ray measurements 
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at tens keV do not give much differences in comparison with those obtained from pulse height 

spectra at 662 keV. However, for Lithium doped two-dimensional perovskite scintillator24, we 

can achieve the best energy resolution for Lithium doped PEA2PbBr4 of 7.7% at 662 keV from 

137Cs source of gamma-ray excitation, see Figure 5d. This is an improvement from the recent 

report of 12.4%24 as the crystal is more transparent. Now, we can observe an escape peak due 

to K-shell absorption edge of lead close the photopeak as it was covered by poorer energy 

resolution24, 36. The resolution of the escape peak is about 8.7%, which is still the same with 

that of photopeak as both peaks overlap with similar error bars of ±0.5 and ±0.8%, respectively 

(Figure S13). But the crystal is too thin, the intensity of escape peak is therefore higher than 

that of photopeak. We also observe the improvement of light yield in this crystal from 11,40024 

to 22,900 photons/Mev. At first sight, this is similar with our previous observation24 but the 

general light yields in this report are also much improved due to the better crystal quality.  

However, we do expect the improvements of scintillation properties with Lithium doped 

perovskite crystals as those crystals have less nonradiative parts in the exciton recombination 

in comparison with the undoped crystals.39 Additionally, the proportionality shown in Figure 

5e is excellent with only 10% change in light yield at 59.5 keV in comparison with that at 662 

keV. 



  

20 

 

 

Figure 5. Light yield and decay under X-ray excitation with gamma-ray spectroscopy. a) 

Temperature-dependent light yield for temperature between 250 and 350K. b, c) Time-resolved 

XL curves under pulsed X-ray excitation. For emission wavelength in decay measurements, 

we monitored 425 and 520 nm for bromide and iodide crystals, respectively. White solid lines 

indicate three exponential fits and Table S2 shows their components. d) Pulse height spectra of 

Lithium doped PEA2PbBr4 under 662 keV gamma-ray from 137Cs source. e) Light yield and 

energy resolution as a function of photopeak energies for different gamma-ray sources of 241Am, 

22Na, and 137Cs. The y-axes in a) and e) were normalized with the light yields of undoped 

PEA2PbBr4 under 662 keV gamma-ray at RT. 

 

CONCLUSION 

In summary, we successfully prepared a library of eleven 2D lead perovskite crystals with 

different organic cations and halide anions. The optical and scintillation properties are 

presented in Table 1. The effect of organic cations and anions on luminescence and scintillating 
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performance were investigated via PL and XL related characterizations. The effect of anions 

on luminescence are the most obvious. Iodide substitution of the corresponding bromide 

perovskites with broad emission tends to quench the broadening in addition to redshift of the 

emission. Iodide perovskites usually have lower light yield than bromide ones due to quenching. 

The effect of organic cations on the optical and scintillation properties of the 2D perovskites is 

more complicated. The BA, CHA, OA DAB, and PEA variants form (001)-oriented perovskites 

with flat inorganic lead bromide octahedra layers, which show a relatively narrow emission, 

peaking around 410-430 nm for the bromide variants and around 520-530 nm for the iodide 

variants. Only the CHA-variant has a broader emission, possibly arising for tilting of the 

octahedra in the sheet. The AEIU, API and EDBE variants on the other hand, form (110)-

oriented corrugated structures which present very broad emission. In general, we also observed 

that the PL and XL spectra of the 2D perovskites closely resemble each other. The flat 

perovskites also show generally a faster PL and XL decay times, with an exception of the PEA 

variant. The corrugated AEIU variant also shows a relatively short lifetime compared to the 

other corrugated structure perovskites. These broad emissions can be explained by the self-

trapped excitons. Perovskites with linear alkyl cations like BA and OA show negative thermal 

quenching behavior in case of both bromide and iodide. Since perovskites with this behavior 

are more practical, this information could be very important. We speculate that negative 

thermal quenching occurs more likely in (001) monoammonium perovskites whose organic 

cations contain only C and H plus N from ammonium group. Judging from the structure, simple 

cations favor this behavior such as linear alkyl ammonium (n = 4-8, BA and OA in this case) 

and benzylammnoium derivatives (PEA in this case). When comparing the scintillating 

performance of this series, (BA)2PbBr4 performs the best as it has not only the highest and most 

stable light yield of 3.7 times that of (PEA)2PbBr4 (~40,000 photons/MeV at RT), but also 

show a fast XL decay time of 5.3 ns. In addition, (BA)2PbBr4 also shows negligible afterglow 
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at low temperatures. Although the Stokes shift of (BA)2PbBr4 (0.16 eV)27 is relatively small 

compared to (EDBE)PbBr4, there is no large influence to lowering light yield due to self-

absorption38. For gamma-ray excitation, the energy resolution at 662 keV 137Cs can be as good 

as 7.7%. This is the best reported energy resolution and it is even comparable with that of 

commercial inorganic scintillators. So far, available strategies for 2D perovskite emission 

manipulation have been empirical and far from decisive conclusions have been made, so more 

experimental data are needed. Although we cannot fully explain all the PL and XL behaviors 

in our perovskite library, our work does lead to a first classification for 2D perovskite 

scintillator design and property manipulation and can shed light on the further and deeper 

investigation. The scintillating properties can still be improved for producing the ultimate 2D 

perovskite scintillators.   
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Table 1 Overview of two-dimensional hybrid lead halide perovskite scintillators  

Perovskites 

 

 

Eg 

 

 

 

Theoretical Light 

Yield  

(estimated from 

bandgap) 

 

 

Light yield 

relative to 

(PEA)2PbBr4 

@290 K* 

 

Absorption 

length  

@50 keV 

Peak 

Emission 

Wavelength 

Average lifetime 

 

 

Refs. 

 

 

(eV) 

 

(photons/MeV) 

x 11,400 

photons/MeV 
(Figure S13)

 
 

(mm) (nm) 
TRPL 

(ns) 

TRXL  

(ns) 

 

(BA)2PbBr4 4.17 96,000 3.659 0.987 434 2.8 5.3 27 

(CHA)2PbBr4 3.70 108,000 0.398 1.086 420** 3.9 4.1 40 

(OA)2PbBr4 4.08 98,000 ~0.007 1.356 425 0.7 1.1 41 

(DAB)PbBr4 5.00 80,000 0.018 0.734 428 1.0 4.5 42 

(API)PbBr4 2.90 138,000 0.314 0.903 422** 4.2 12.1 23 

(AEIU)PbBr4 3.08 130,000 0.258 0.730 416** 3.0 5.2 43 

(PEA)2PbBr4 4.21 95,000 1 1.156 414 6.4 12.3 24 

(EDBE)PbBr4 4.44 90,000 0.889 0.835 520** 12.4 17.0 12, 44 

(BA)2PbI4 2.50 160,000 ~0.007 0.430 518 0.5 0.8 45 

(CHA)2PbI4 2.45 163,000 ~0.007 0.459 514** 1.4 1.5 46 

(OA)2PbI4 2.53 158,000 ~0.007 0.598 520 0.6 0.6 33 

* Measured using Cu-anode tube, 8.04 keV at 45 kV and 10 mA.  

** These perovskites feature a broad emission spectrum.   

 

MATERIALS AND METHODS   

Two-dimensional perovskite synthesis  

The amines were converted into the corresponding ammonium salts by reaction with 

concentrated HX acid (X= Br, I) in presence of PbX2. The mixture was heated to a high 

temperature (> 150 °C) in order to obtain a clear solution. Afterwards, the temperature was 

lowered to 120 °C slowly and the crystals were formed in the period of 12-24 h. Finally, the 

temperature was gradually lowered to RT. The crystals were then collected by filtering the 

solution and washed with diethyl ether. We also note that while many 3D perovskites have 
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shown rather poor stability to environmental conditions and need to be synthesized in a 

protective atmosphere,47-48 2D perovskites have shown much higher environmental stability to 

high temperatures and humidity15, 49 and are in this work synthesized from acidic aqueous 

solution.  

 

PL, time-resolved PL and PLE measurements  

PL and lifetime measurements were performed using a free-space home-built micro-PL setup 

in an ambient environment at RT. 266 and 355 nm pulsed lasers (VisUV, PicoQuant) with a 

line width of 15 ps and a repetition rate of 10 MHz were focused on samples with a microscope 

objective (Olympus, 40×objective, NA = 0.65, focused laser beam diameter ≈ 1μm). The PL 

signal was collected by a Peltier cooled photomultiplier tube (Hamamatsu H7422 series) 

coupled with a grating spectrometer (Edinburgh Instruments, Model F900 and Bentham, Model 

TMS300) and the PL image was collected by a silicon charge-coupled device (CCD). TRPL 

measurement was performed using a time-correlated single-photon counting acquisition 

module (MicroPhoton Devices MPD series) at selected peak wavelengths with a bandwidth of 

20 nm. Other PL and PLE measurements were also performed with standard commercial 

system of Fluoromax 4C from Horiba. 

 

Temperature-dependent XL measurement  

The experiments were carried out in a similar way to our previous one19. A typical setup 

consisting of an Inel XRG3500 X-ray generator (Cu-anode tube, 8.04 keV at 45 kV and 10 

mA), an Acton Research Corporation SpectraPro-500i monochromator (1200 gr/mm 500 nm 

blazed grating), a Hamamatsu R928 photomultiplier, and an APD Cryogenics Inc. closed-cycle 

helium cooler with a Lake Shore 330 programmable temperature controller was used to record 

XL spectra at various temperatures between 10 and 350 K. The measurements were carried out 
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starting at 350 K (unless indicated) and terminating at 10 K to avoid a possible contribution 

from thermal release of charge carriers to the emission yield.  

X-ray afterglow and TL measurements: The same setup was used as the one in temperature-

dependent XL measurements. Prior to the TL runs, the sample was exposed for 10 min to X-

ray at about 10 K. The glow curve was recorded up to 350 K at a heating rate of about 0.14 K/s. 

 

Time-resolved X-ray luminescence measurement 

TRXL measurements were obtained with a time correlated single photon counting (TCSPC) 

system composed by a fast photomultipler (SMA650) and TCSPC electronics (PicoHarp 300) 

both from PicoQuant. The excitation was performed with a Hamamatsu N5084 light-excited 

X-ray tube set at 30 kV as irradiation source. The optical excitation of the tube was done with 

a Horiba-Delta diode at 405 nm (DD-405-L). The emission wavelengths were selected by using 

a Thorlabs FEL450 long-pass interferential filter.  

 

Pulse height measurements 

We used 137Cs (662 keV), 22Na (511 keV), and 241Am (59.5 keV) radioisotopes for gamma-ray 

source and various photomultipliers (PMT) (Hamamatsu R2059, Hamamatsu R878, and 

Photonis XP Series) for detecting the converted photons. To operate the PMT, we applied a 

voltage between 1.25 and 1.7 kV. The corresponding output signal from PMT is integrated with 

a charge sensitive pre-amplifier. The output then feeds a spectroscopic amplifier with a shaping 

time of 2 μs and an analog-to-digital converter (Ortec series). The photoelectron yield was 

obtained by comparing the position of photopeak to the position of the mean value of the single 

electron response in pulse high spectra measurements. The actual light yield for the radiation 

conversion in photons per MeV was obtained after the photoelectron yield was divided by the 

quantum efficiencies of the PMT. 
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Supporting Information 

The material is available free of charge via the internet at http://pubs.acs.org. 

Details on materials properties such as molecular formulas, volumes, mass densities, atomic 

effective numbers, attenuation lengths, and theoretical XRD patterns with generated models. 

Temperature-dependent PL, XL and TRPL of both crystals and films. Fitting parameters from 

TRPL, TRXL, and TL. Pulse height spectra measurement methods and some fitting results for 

undoped and Li-doped 2D crystals.  
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ToC Figure  

 

Two-dimensional hybrid lead halide perovskites have demonstrated their potentials as scintillators. 

A library of eleven 2D perovskites in combination of different organic cations and halide anions 

are synthesized and their photoluminescence and X-ray and gamma-ray scintillation properties are 

investigated. After comparison of their performances, butylammonium lead bromide could be the 

most promising scintillator with a high light yield and a fast decay at RT. 
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