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Table S1. Concise formula, molecular formula, volume, mass density, and atomic effective 

numbers for our 2D perovskite halide crystals. The references for those crystals are also can 

be found in Table 1 of the main manuscript.  

Volume (A3) Mass density 

(g/cm3)

Atom. Effect. 

Number

Concise 

formula

Molecular formula

Bromide Iodide Bromide Iodide Bromide Iodide

(BA)2PbX4 (CH3(CH2)3NH3)2PbX4 1840.34 2094.34 2.437 2.736 33.85 37.45

(CHA)2PbX4 (C6H11NH3) 2PbX4 2031.50 2238.00 2.378 2.716 32.31 35.75

(DAB)PbX4 H3N(CH2)4NH3PbX4 1362.45 1550.49 3.008 3.376 37.83 41.86

(OA)2PbX4 (CH3(CH2)7NH3)2PbX4 2635.22 2925.24 2.052 2.215 30.03 33.22

(API)PbX4 C3N2H3(CH2)3NH3PbX4 1432.85 1630.61 3.032 3.404 33.43 36.99

(AEIU)PbX4 H3NCNHS(CH2)2NH3PbX4 1362.06 1550.05 3.16 3.546 38.64 42.75

(EDBE)PbX4 C6H18O2N2PbX4 1557.09 1772.00 2.888 3.242 35.29 39.05

(PEA)2PbX4 (C6H5(CH2)2NH3)2PbX4 2250.60 2498.29 2.362 2.550 32.31 35.75
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Figure S1. Attenuation length of the investigated 2D perovskites and two commercial 

scintillators, CsI:Tl and LaBr3:Ce. Due to the presence of lead, the 2D perovskites have 

relatively short attenuation length, in the same order of magnitude of the fully inorganic 

commercial scintillators.
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Figure S2: X-ray diffraction patterns (black) of some investigated the two-dimensional (2D) 

perovskite crystals, (BA)2PbBr4, (CHA)2PbBr4, (PEA)2PbBr4, (BA)2PbI4, (CHA)2PbI4,  and the 

theoretical XRD lines (red), showing in particular the correspondence to the first Bragg-

reflection peak.1-4
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Figure S3: Schematic representation of the structure of the investigated two-dimensional 

perovskites.  

Figure S4: a) Interlayer distances (d) of some of the investigated perovskites vs. the angle () 

experimental peak. b) The interlayer distances vs. the sine of the experimentally measured 

angle. The red line is the fit with d = A/sin(), where A = /2 = 0.077 nm, with  being the 

X-ray wavelength used in the experiment (Cu K-α emission).1-9
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Further discussion on the role of the cations in two-dimensional perovskites. The main 

impact of the cation on the properties of the two-dimensional perovskite is by the manner that 

the cation affects the shape and orientation of the [PbX6
4-]-octahedra layers. It is ultimately the 

conformation of the lead halide octahedra layers that determines most of the 

photoluminescence (PL) and radioluminescence properties of the perovskite. The conformation 

of the inorganic octahedra layers mainly depends on the arrangement of the cations in the 

structure. The linear ammonium cations (BA, DAB, OA) seem to orient themselves in flat bi-

layers (for BA and OA)2, 4, 6 or monolayers (for DAB)4 and thus result into a (100)‐oriented flat 

structure of the lead halide layers, resulting in a very similar emission spectrum, with a 

relatively narrow blue (peaking at 400-430 nm) emission for the bromide variants and a green 

emission (peaking at 525 nm) for the iodide variant. Comparing the emissions of DAB, BA 

and OA, which have progressively larger distance between the lead-halide octahedra layers, 

the difference in emission seems to be rather small, in particular when comparing the longer 

OA-cation and the shorter DAB-cation. This might indicate that the organic cations act as 

spacers between the octahedra layers which are independent of each other. The small 

differences observed are thus due to the distortions and/or tilting relative to the plane of the 

octahedra in the lead halide layers in the crystals. Shorter linear alkyl cations (propyl, ethyl, 

which are not investigated in this work) have been reported in literature to form (110)‐oriented 

corrugations and nanobelts, which lead to much broader and red-shifted emissions,10-11 while 

intermediate and longer linear alkyl chains than the ones used in this work (up octadecyl 

ammonium cations which are twice as long as the OA-cation) have been reported to maintain 

the 100-flat structure and a blue emission (peaking at 400-430 nm).12 The aromatic PEA-cation 

also forms flat bilayers; therefore, it is leading to (100) ‐oriented flat octahedra layers as well, 

and it presents a similar emission profile to the linear alkyl perovskites.3 The CHA-cation also 

forms flat layers. However, it has been reported in the literature that the CHA-cation leads to 
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significantly tilting of octahedra relative to the plane of the layers,1, 5 which can give rise to 

self-trapped excitons and thus probably responsible for the much broader emission we observe 

in the (CHA)2PbX4 perovskites. The API, AEIU and EDBE cations, as previously mentioned, 

cause the lead-halide octahedra to exhibit a (110) ‐oriented corrugated structure7-9 that can give 

rise to self-trapped excitons, which leads to the red shifted and generally very broad emissions 

observed,10-11 leading even to white light emission spectra. It is important to note that the 

photoluminescent properties of the cation itself do not appear to have a significant impact on 

the PL and radioluminescence properties of the perovskites and are negligible compared to the 

emission of the inorganic layers.

Figure S5: Centimeter size crystals for a) (PEA)2PbBr4 and b) (BA)2PbBr4.
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Figure S6. PL excitation spectra of the investigated 2D perovskites taken at the peak of 

emission wavelength and PL spectra excited at 260 and 400 nm for bromide and iodide crystals, 

respectively. 
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Figure S7. PL, XL of bulk crystal and nano-crystalline films of (BA)2PbBr4 and (BA)2PbI4.

Figure S8. Time resolved PL of single crystals and thin films (~70 m) of (BA)2PbBr4 and 

(PEA)2PbBr4 with excitation at 266 nm with monitoring emission at 425 nm. The decay times 

of the films are faster than those of single crystals. The respective decay components (and % 

contributions) for (BA)2PbBr4 and (PEA)2PbBr4 thin films are 0.4 (24%), 1.5 (32%), 4.8 ns 

(44%) and 2.3 (34%), 5.4 (61%), 12.0 (5%). The average decay times are 2.7 and 4.6 ns for 

(BA)2PbBr4 and (PEA)2PbBr4 thin films, respectively. They are slightly faster than those in 

crystals (Table 1).
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Figure S9. Temperature-dependent XL of (DAB)PbBr4, (API)PbBr4, (AEIU)PbBr4, 

(PEA)2PbBr4, and (EDBE)PbBr4.
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Figure S10. Comparison between the PL and XL spectra at 290 K.
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Table S2. Decay components, their averages and their contributions from three-exponential fits 

of time-resolved PL (TRPL) and time-resolved XL (TRXL). The values of components and 

averages are in nanoseconds.  

Decay components (%) [Average]Compounds

TRPL TRXL

(BA)2PbBr4
0.7 (33%), 2.2 (47%), 7.8 (20%) 

[2.8]

1.3 (12%), 4.5 (81%), 20.8 (7%) 

[5.3]

(CHA)2PbBr4
1.0 (13%), 2.9 (68%), 9.2 (19%) 

[3.9]

0.4 (4%), 1.9 (33%), 5.5 (63%) 

[4.1]

(OA)2PbBr4
0.3 (43%), 0.4 (43%), 2.5 (14%) 

[0.7]

0.2 (15) 0.6 (42%) 1.9 (43%) 

[1.1]

(DAB)PbBr4
0.4 (43%), 0.5 (44%), 4.9 (13%) 

[1.0]

0.4 (13%), 1.6 (32%), 7.1 (55%) 

[4.5]

(API)PbBr4
1.5 (26%), 4.0 (59%), 9.6 (15%) 

[4.2]

1.4 (6%), 5.5 (36%), 17.3 (58%) 

[12.1]

(AEIU)PbBr4
0.7 (46%), 2.5 (37%), 10.3 (17%) 

[3.0]

0.5 (4%), 2.2 (29%), 6.9 (67%) 

[5.2]

(PEA)2PbBr4
2.6 (37%) 6.9 (54%) 19.2 (9%) 

[6.4]

1.1 (2%), 5.0 (22%), 14.6 (76%) 

[12.3]

(EDBE)PbBr4
0.3 (2%), 0.4 (2%), 12.9 (96%) 

[12.4] 

1.1 (5%), 17.0 (88%), 36.0 (7%) 

[17.0]

(BA)2PbI4
0.3 (3%), 0.5 (89%), 1.0 (8%) 

[0.5]

0.3 (49%), 1.3 (47%), 2.1 (4%) 

[0.8]

(CHA)2PbI4
0.3 (9%), 1.0 (85%), 9.7 (6%) 

[1.4]

0.3 (21%), 1.5 (75%), 8.3 (4%) 

[1.5]

(OA)2PbI4
0.4 (36%), 0.6 (59%), 1.6 (5%) 

[0.6]

0.3 (49%), 0.9 (43%), 2.0 (8%) 

[0.6]  
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Afterglow curve fits. We fitted the intensity (I) in Figure 4a with single, double, or three 

exponential decay components.

(Equation S1)𝐼 =  ∑𝑛
𝑖 = 1(𝐴𝑖𝑒

―
𝑡
𝑡𝑖),   𝑛 = 1 𝑜𝑟 2 𝑜𝑟 3

and the contribution (Ci) of each decay components (ti) is calculated as following

                    (Equation S2)𝐶𝑖 =  
𝐴𝑖 ×  𝑡𝑖

∑𝑛
𝑖 = 1𝐴𝑖 ×  𝑡𝑖

,  𝑛 = 1 𝑜𝑟 2 𝑜𝑟 3

We also measured the average afterglow lifetimes  through the multiplication of decay (𝑡)

components and their contributions. 

                    (Equation S3)𝑡 =  ∑𝑛
𝑖 = 1𝐶𝑖 ×  𝑡𝑖,  𝑛 = 1 𝑜𝑟 2 𝑜𝑟 3

Table S3. Afterglow decay time.

Perovskites  (s) /  (%)𝑡𝑖 𝐶𝑖  (s)𝑡

(BA)2PbBr4 Not observed Not observed

(CHA)2PbBr4 17.9 s / 100% 17.9 s

(OA)2PbBr4 38.2 s / 83%; 290.6 s / 17% 63.8 s

(DAB)PbBr4 Not observed Not observed

(API)PbBr4 30.7 s / 100% 30.7 s

(AEIU)PbBr4 51.0 s / 20%; 357.5 / 80% 296.2 s

(PEA)2PbBr4 Not observed Not observed

(EDBE)PbBr4 12.2 s / 18%; 69.7 s / 29%; 

522.3 / 53%

299.2 s

(BA)2PbI4 Not observed Not observed

(CHA)2PbI4 Not observed Not observed

(OA)2PbI4 21.9 s / 7%; 301.0 s / 93% 281.5 s
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Glow peak fits. We assume that all of traps which are occurring in TL spectra can be 

represented as quasi-continuous trap distributions. In order to determine the trap parameters 

(including quasi-continuous trap distributions), we use the procedure described by Brylew et 

al.13 assuming arbitrary value of the frequency factor for distribution at 1011 s-1. The example 

of the fit procedures is shown in Fig. S5 while the traps parameters obtained from the fitting 

procedure are given in Table S4.

Figure S11. An example fitting procedure for glow peak of (OA)2PbBr4 for three trap depths.
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Table S4. Trap parameters including the trap depth (Et) and full width half maximum 

(FWHM) energies obtained from the fit.  

Et (meV) / FWHM (meV)Perovskites

Trap 1 Trap 2 Trap 3 Trap 4

(BA)2PbBr4 - - - -

(CHA)2PbBr4 113.4 / 25.5 162.8 / 59.3 - -

(OA)2PbBr4 52.6 / 7.9 65.6 / 43.5 93.1 / 68.4 -

(DAB)PbBr4 - - - -

(API)PbBr4 54.0 / 12.7 80.1 / 71.3 249 / 125 -

(AEIU)PbBr4 78.0 / 50.0 - - -

(PEA)2PbBr4 - - - -

(EDBE)PbBr4 20.0 / 9.2 30.0 / 11.6 70.0 / 16.3 110 / 18.2

(BA)2PbI4 - - - -

(CHA)2PbI4 69.30 / 24.50 - - -

(OA)2PbI4 62.5 / 24.7 94.7 /101 - -
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Figure S12. XL spectra with direct comparison intensities among all 2D perovskite crystals. 

For this experiment, the samples were prepared with the same size, the measurements were 

initiated with the same setting for X-ray generator (Cu-anode tube, 8.04 keV at 45 kV and 10 

mA), and performed at the same day.
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Light yield. We obtained light yields from the position of the 662 keV photopeak in pulse 

height spectra both recorded with the PMT. Using the PMT, the photoelectron yield (Ype), 

expressed in photoelectrons per MeV of absorbed γ-ray energy (phe/MeV), is determined by 

comparing of the peak position of the 662keV photopeak to the position of the mean value of 

the single electron response. The single electron response spectrum is shown in Figure S13a.  

The method to obtain the mean value of the single electron response can be found in the work 

of Dossi et al. 2000.14 It was estimated in Refs. [deHaas2005, deHaas2008]15-16 that the position 

of the mean value of the single electron response is about 13 % lower than the position of the 

top of the Gaussian function, see Figure S13a. The position as well as the energy resolution 

(full width at half maximum/position) of a photopeak is determined by fitting the photopeak 

with a Gaussian curve, see Figure S13b. 

The absolute photon yield Yph in photons per MeV is derived from Ype as follows15: 

𝑌𝑝ℎ =  
𝑌𝑝𝑒

𝑄𝐸𝑒𝑓𝑓

where QEeff is the effective quantum efficiency of the PMT and grating obtained from the 

manufacturer. It is averaged over the profile of the X-ray excited emission spectra. 

As an example of the complete pulse height spectrum, we calculate the light yield of the 

undoped, and Li doped (PEA)2PbBr4 crystals in respective Figures S13b and S13c as following. 

The position of the mean value from single electron response is at channel of 72 while the 

positions of the photopeaks xpe at 1150 ± 59 and 2270 ± 87 for undoped and Li doped 

(PEA)2PbBr4 crystals, respectively. The positions at 1052 ± 43 and 2039 ± 88 correspond to 

the escape peaks of undoped and Li doped crystals, respectively, due to K-shell absorption 

edge of lead. They are shifted by 72 keV at lower energy than the 662 keV photopeaks. The 

single electron response was measured at gain of 300 while the pulse height spectra of 137Cs 

were at a gain of 3. Therefore, Ype for both samples should follow (xpe/72) x (300/3) and they 



20

are equal to 1,600 ± 100 and 3,200 ± 100 phe/MeV for undoped and Li doped crystals, 

respectively. We obtain QEeff for our Hamamatsu R878 PMT of 14% at the emission 

wavelength and the light yield of undoped and Li doped PEA2PbBr4 crystals are 11,400 ± 700 

and 22,900 ± 700 photons/MeV, respectively. 

Figure S13. a) Measured single electron response of the Hamamatsu R878 PMT. b, c) Pulse 

height spectra under gamma-ray excitation of 137Cs source at 662 keV for b) undoped and c) 

Li doped (PEA)2PbBr4 crystals. The energy resolutions for photo peaks are 10.2 ± 0.6 and 7.7 

± 0.8% while those for escape peaks are 9.0 ± 1.6 and 8.7 ± 0.5% measured in undoped and Li 

doped crystals, respectively.
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Figure S14. a) Pulse height spectra under gamma-ray excitation with different energies for 

(BA)2PbBr4. b) The nonproportionality of the light yields and the energy resolutions from pulse 

height spectra of four crystals.  We only estimated the position of the photopeak 72 keV from 

the escape peak due to the strong overlap between the photopeak and the escape peak.
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Figure S15. Time-resolved PL of single crystals of (BA)2PbI4 and (OA)2PbI4 with excitation at 

355 nm with monitoring emission at 500 nm at 100 K and RT. The decay times at 100 K are 

slower than those at RT. The temperature dependence measurements were described in Ref. 

[Arramel2020].17 The respective decay components (and % contributions) for (BA)2PbI4 and 

(OA)2PbI4 crystals at RT are listed in Table S2 while those at 100 K are 1.0 (12%), 3.3 (14%), 

16.2 ns (74%) and 2.7 (13%), 8.5 (83%), 20.1 (4%). The average decay times are 12.5 and 8.2 

ns for (BA)2PbI4 and (OA)2PbI4 crystals, respectively.17
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