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Figure S1. Crystal structure of the Cs4PbBi2X12 double perovskite from different perspectives, a) 

highlighting the layered structure of the material and b) highlighting the PbX6 and BiX6 octahedra 

structure.  
 
 
 
 
 
 
 



 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Diffractograms for the Cs4PbBi2X12 double perovskites and their precursors. a) 

Cs4PbBi2Br12 (Data), Cs4PbBi2Br12 (Data), b) Cs4PbBi2Br12 (Theory, trigonal structure), c) PbBr2, 

d) BiBr3, e) CsBr, f) Cs4PbBi2I12 (Data), g) Cs4PbBi2I12 (Theory, trigonal structure), h) PbI2, i) 

BiI3, and j) CsI.  



 

 
Figure S3. Ultraviolet photoelectron spectroscopy (UPS) for the double perovskites. a) binding 

energy and b) kinetic energy spectrum for Cs4PbBi2Br12. c) binding energy and d) kinetic energy 

spectrum for Cs4PbBi2I12 

 

 

 

Table S1. Fit parameters for the time-resolved photoluminescence decay of the double 

perovskites. For the fitting the following equation was used: 

𝐼 =  ∑ 𝑎𝑖𝑒
−

𝑡−𝑡0
𝜏𝑖

𝑖

 

where Ai is the percentile contribution of the decay (ai/ai) and i is the decay time and avg is the 

average decay time. 
 

  A1 1 A2 2 A3  3  avg 

Compound (%) (ns) (%) (ns) (%) (ns) (ns) 

Cs4PbBi2Br12 66.5 1.97 33.50 6.41 - - 4.1 

Cs4PbBi2I12 74.4 0.19 23.7 0.56 0.07 3.81 0.39 

  

 



 
 
 
 
 
 
  

Figure S4. Band structure and projected DoS of monoclinic structures of a) Cs4PbBi2Br12 and 

b) Cs4PbBi2I12. 



 
Figure S5. Fit of the absorption spectra with Elliot formalism to determine the bandgap for a) 

Cs4PbBi2Br12 and b) Cs4PbBi2I12. 

 

Fitting of absorption curves. The fit was performed by using Elliot formalism.1 Here, the 

contributions to the absorption coefficient () can be defined from free carriers (continuum) (c) 

and excitons (ex).  

 

𝛼(ħ𝜔) = 𝛼𝑐 + 𝛼𝑒𝑥                                               (1) 

 

𝛼(ħ𝜔) = 𝑃𝑐𝑣 [𝜃(ħ𝜔 − 𝐸𝑔) ⋅ (
𝜋𝑒𝜋𝑥

sinh(𝜋𝑥)
) + 𝑅𝑒𝑥 ∑

4𝜋

𝑛3
∞
𝑛=1 ⋅ 𝛿(ħ𝜔 − 𝐸𝑔 +

𝑅𝑒𝑥

𝑛2
)] (2) 

 

with: 

 

𝑥 =  √𝑅𝑒𝑥/(ħ𝜔 − 𝐸𝑔)                                            (3) 

 
where Pcv is approximated as a constant related to the interband transition matrix element, ħ is 

the photon energy, (ħ-Eg) is the Heaveside step function, Rex is the Rydberg energy, n is the 

principle quantum number, and  is the delta function. 

   



 

 
Figure S6. Picture of the photodiodes used in the electrical measurements. a) Cs4PbBi2Br12 diode, 

and b) Cs4PbBi2I12 diode. Scanning electron microscope images of the cross-section of the c) 

Cs4PbBi2Br12 diode, and d) Cs4PbBi2I12 diodes (Spiro: Spiro-OMeTAD; PVK: Perovskite). We 

notice that the Spiro-OMeTAD layer in the I-variant of the device is thicker than for the Br-variant, 

however the conductivity is high enough that we do not expect it will significantly impact the 

performance of the device. X-ray diffraction of the films used in the e) Cs4PbBi2Br12 diode, and f) 

Cs4PbBi2I12 diode. The XRD profiles of the films (Suppl. Figure S1) and the single crystals present 

the same peaks as expected, however due to different preferred orientation the intensities of the 

different peaks differ, since some reflection will be preferred. 

 

 

 

 

 

  



Table S2. Fit parameters for the (negative) thermal quenching of the scintillation intensity of the 

perovskites.  

 

  C1 E1 C2 E2 D E’1 

Compound (-) (meV) (-) (meV) (-) (meV) 

Cs4PbBi2Br12 1.16   3.77 450   78.9 81.2 53.3  

Cs4PbBi2I12 2.71×103 29.7 0 - 0 - 

 

 

The fit was carried out according to the model proposed by Shibata et al.:2 

 

 ||𝐼(𝑇)|| =  
1+𝐷∙𝑒−𝐸1

′ /𝑘𝐵𝑇

1+𝐶1∙𝑒−𝐸1/𝑘𝐵𝑇+𝐶2∙𝑒−𝐸2/𝑘𝐵𝑇                              (4) 

 

where D is the negative thermal quenching coefficient which describes the contribution from thermally 

excited electrons, C1 and C2 are the thermal quenching coefficients related to non-radiative electron 

excitation leading to thermal quenching, E’1 is the activation energies for negative thermal quenching and 

E1 and E2 are the activation energies for typical thermal quenching, respectively and 𝑘𝐵 is the Boltzmann 

constant. We note that for the iodide variant there is no negative thermal quenching (hence, D= 0) and thus 

it reduces to regular thermal quenching with one single decay (i.e. C2= 0).  

 

 

 

 

 

 

 

 

 

Table S3. Fit parameters of the afterglow decay at 10 K, fitted with a multiple exponential decay 

(see Table S1), where Ai is the percentile contribution of the decay and i is the decay time and avg 

is the average decay time. 

  A1 1 A2 2 A3 3 avg 

Compound (%) (s) (%) (s) (%) (s) (ns) 

Cs4PbBi2Br12 85.9 148 14.10 944 - - 282 

Cs4PbBi2I12 45.4 9.82 43.2 67.3 11.4 399 84.5 

 

 

 

 

 



 

 

 

 

 
Figure S7. Thermoluminescence peaks for Cs4PbBi2Br12 and b) Cs4PbBi2I12 with corresponding 

fits. 

 

 

 

 

 

 

Thermoluminescence peaks fit. The fit was carried out with the starting assumption that the traps 

in the thermoluminescence spectra can be represented as quasi-continuous trap distributions. We 

use the procedure described by Brylew et al.3 to determine the trap parameters:  

 

𝐼𝑇𝐿 =  ∑ 𝑛0
𝑘
𝑖=1 𝑉𝜎𝑖 ∙ exp (−

𝐸𝑖

𝑘𝐵𝑇
) ∙ exp (−

𝜎𝑖

𝛽
∫ exp (−

𝐸𝑖

𝑘𝐵𝑇′
) 𝑑𝑇′

𝑇

𝑇0
)          (5) 

 

where T0 ≈0 K, Ei is the trap depth,  is the heating rate (0.15 K·s-1), V is the crystal volume, n0 is 

the trap concentration, and a value of 1012 s-1 was used for the frequency factor, i, for all fittings.  

 

The parameters for the fit are presented in Table S4, below. Tm is the temperature of the glow peak 

maximum. 

  



Table S4. Parameters of the thermoluminescence peak fitting. 

  

  Tm E n0 

Compound (K) (meV) (a.u.) 

Cs4PbBi2Br12 

34  68.2 1.85×104 

 44 84.8 9.31×103 

62  95.5 8.29×103 

71  126 9.42×103 

85  195 5.56×104 

105  252 3.90×104 

234 572 7.74×104 

270 615 4.34×104 

286 666 2.72×104 

 

Cs4PbBi2I12  

49 279 5.76×103 

59 335 8.91×103 
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