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ABSTRACT: Scintillators are utilized for X-ray detection in 
many important fields, from homeland security to health care. 
Developing low-cost high-performance scintillation materials 
to address the issues of existing commercially available ones is 
of great interest. Recently, organic metal halide hybrids have 
emerged as highly promising luminescent materials with 
excellent optical properties and low temperature solution 
processability. Herein, we report a zero-dimensional (0D) 
organic metal halide hybrid, (PPN)2SbCl5 (PPN = 
bis(triphenylphosphoranylidene)ammonium cation), as X-ray 
scintillation material with high light yield and exceptional 
environmental stability. Our study shows that (PPN)2SbCl5 
single crystals prepared by solution growth exhibit visible 
photoluminescence with a quantum efficiency of 98.1 %. When 
excited by X-rays, (PPN)2SbCl5 single crystals exhibit 
radioluminescence with a near-perfect linearity in a large 
range of X‐ray dose rate, and a comparable light yield (~ 49000 
ph MeV‒1) with that of a commercial CsI(Tl) scintillator (~ 
54000 ph MeV‒1). Moreover, the detection limit of (PPN)2SbCl5 
(191.4 nGyair s–1) is much lower than the required value for 
regular medical diagnostics (5.5 µGyair s–1). (PPN)2SbCl5 single 
crystals also display remarkable stability with little-to-no 
change of properties after storage in ambient conditions for 
two years.  

X-ray scintillators are scintillation-based indirect detectors, 
which absorb and down convert high-energy ionizing radiation 
into ultraviolet-visible light for detection of X-rays. As 
compared to direct X‐ray detectors that convert X-ray to 
electric current, scintillators have numerous advantages, such 
as high response rate, large absorption cross section, and high 
stability.1-5 Nowadays, scintillators are actively used in many 
important fields, including medical imaging,6-8 non-invasive 
inspection,9, 10 radiation monitoring,5 and other industrial 
applications.11, 12 Most of commercially available scintillators 
are based on inorganic single crystals, which are prepared via 
time-consuming high temperature processes in vacuum.13, 14 
To reduce the energy consumption for material preparation, 
many organic scintillators have been developed by low 
temperature processes, which however have inferior 
performance than inorganic ones with lower scintillation light 
yields and resolutions.4 Developing scintillation materials by 
facile processes with high irradiation yield and sensitive 
remains a challenge. 

Organic-inorganic metal halide perovskites and perovskite-
related hybrids have recently emerged as highly promising 
materials for X-ray scintillation, owing to their characteristics 
of excellent luminescence properties, high absorption 
coefficients for ionizing radiation, and solution-process 
preparations.15-26 For instance, methylammonium (MA) lead 
halide perovskite crystals, MAPbI3 and MAPbBr3, have 
displayed light yields of around 1000 photons per MeV (ph 
MeV‒1).27 Liu and colleagues utilized all inorganic CsPbBr3 
nanocrystals to fabricate scintillating panels with good X-ray 
imaging.2 Zhang et al. reported a light yield of 21000 ph MeV‒1 
for CsPbBr3.28 After that, Zeng and co-workers improved the 
stability and sensitivity of this kind of scintillator by employing 
CsPbBr3@Cs4PbBr6, of which the light yield is still inferior to 
that of traditional scintillators.5 Recently, Kishimoto et al. 
developed a perovskite-related hybrid scintillation material, 
phenethylamine lead bromide ((PEA)2PbBr4, which gave a light 

yield of 22±2% of NaI(Tl) scintillator (~ 7600 ph MeV‒1).29 
Another organic lead halide hybrid (EDBE)PbCl4 (EDBE = 2,2’-
(ethylenedioxy)bis(ethylammonium)) was reported to have a 
light yield of ~ 9000 ph MeV‒1 at room temperature.27 While 
great potential has been shown in these materials, their real 
applications are still limited by the low long-term stability and 
lead toxicity.30 

Lead-free low-dimensional metal halide hybrids have been 
developed to exhibit high luminescence and excellent stability, 
which make them highly attractive for X-ray scintillators.29, 31-

33 Recently, Tang and co-workers reported a lead-free 1D 
structure Rb2CuBr3 scintillator with a high light yield (~ 91000 
ph MeV‒1) and good spectral stability of two months under 
ambient conditions.30 A zero-dimensional (0D) Bmpip2SnBr4 
(Bmpip = 1-butyl-1-methyl-piperidinium cation) based 
scintillator was reported by Kovalenko et al., to exhibit higher 
scintillation light yield than that of NaI(Tl).34 However, the 
photoluminescence quantum efficiency (PLQE) of this material 
(75%) is still not optimal and the easy oxidation of Sn (II) to Sn 
(IV) leads to low stability. Therefore, developing highly stable 
luminescent 0D organic metal halide hybrids for scintillators 
with high light yield and stability upon X-ray irradiation is of 
great interest.  

Here we report an X-ray scintillator based on 0D (PPN)2SbCl5 
(PPN = bis(triphenylphosphoranylidene)ammonium) single 
crystals that can be prepared by a facile solution process at 
room temperature. (PPN)2SbCl5 single crystals exhibit dual-



 

band emission at UV excitation with a high PLQE of 98.1 %. The 
scintillation properties of (PPN)2SbCl5 were systematically 
investigated and revealed high radioluminescence (RL) 
intensity as well as low detection limit. (PPN)2SbCl5 single 
crystals also display remarkable stability in various conditions, 
such as continuous X-ray irradiation, high energy UV 
illumination, and storage in ambient conditions.  

(PPN)2SbCl5 single crystals were prepared by injecting 
diethyl ether into dichloromethane precursor solution of SbCl3 
and PPNCl at room temperature in N2-filled glovebox and stood 
for overnight. The detailed synthesis and characterization are 
presented in the Supporting Information. The crystal structure 
of the obtained (PPN)2SbCl5 single crystals was determined by 
single crystal X-ray diffraction (SCXRD) at 150 K. The results 
indicate that the isolated SbCl5‒ anions ionically bonded to 
surrounding bulky PPN+ cations, forming a typical 0D organic-
inorganic metal halide hybrid structure with monoclinic P21/c 
symmetry (Figure 1a-1c, Table S1). A single SbCl5‒ anion clearly 
shows that each antimony atom is bonded to five chlorine 
atoms to form the pyramid structure (Figure 1d). The bond 
distance between Sb atom and apical Cl atom in SbCl52– anion is 
~ 2.38 Å, while the lengths of the other Sb-Cl bonds are from 
2.58 to 2.64 Å, which are comparable with reported SbCl52– 
structures (Table S2).35-37 The powder XRD pattern of ground 
(PPN)2SbCl5 crystals is consistent with the simulated result 
based on its single crystal structure (Figure 1e), confirming the 
reliability of SCXRD measurement. This result also suggests the 
uniform of 0D crystals and the structure stability of single 
crystals at low temperature (150 K).  

(PPN)2SbCl5 single crystals with size of several millimeters 
are light-yellow under ambient light (Figure S1a), and the 
corresponding band gap is calculated to be ~ 2.7 eV from UV-
Vis spectrum (Figure S2). Under UV light irradiation (365 nm), 
the crystals display bright salmon pink luminescence with a 
high PLQE of 98.1 % (Figure S1b and S3). The photophysical  

 

Figure 2. (a) Excitation and emission spectra of (PPN)2SbCl5 
single crystals. (b) TRPL spectra of (PPN)2SbCl5 crystals at 635 
nm and 480 nm (inset). 

Figure 1. (a) View of single crystal structure of (PPN)2SbCl5 (hydrogen atoms were hidden for clarity). (b) Monoclinic unit cell of 
(PPN)2SbCl5. Structure of an individual (c) PPN− cation and (d) SbCl52− anion. (e) Powder and simulated XRD patterns of (PPN)2SbCl5 
single crystals. 



 

properties of (PPN)2SbCl5 crystals were further investigated 
with steady photoluminescence (PL) and time-resolved PL 
(TRPL) spectra (Figure 2). PL spectra reveal that single crystals 
excited at 410 nm have a low-energy (LE) emission peaked at 
635 nm with a large full width at half-maximum (FWHM) of 142 
nm and a large Stokes shift of 225 nm (red curves in Figure 2a), 
and a long decay lifetime (τLE) of 4.1 μs (Figure 2b). This 
phosphorescent emission is believed to come from the 
radiative recombination of localized excitons in the inorganic 
SbCl52‒ pyramids that have pronounced excited state structural 
reorganization.34-38 Such strongly Stokes shifted broadband 
emissions as a result of excited state structure reorganization 
have been observed in many previously reported Sn(II)-, 
Pb(II)-, and Sb(III)-based 0D organic metal halide hybrids.3, 34, 

35, 39, 40 The large Stokes shift is attributed to the pronounced 
excited state structural distortion in the excited state of SbCl52‒ 
pyramids upon photoactivation.35, 39 

Interestingly, a new high-energy (HE) emission peak located 
at 480 nm was observed when the single crystals were excited 
at 310 nm (black curves in Figure 2b), which has a decay 
lifetime (τHE) of 5.4 ns (inset of Figure 2b), suggesting another 
emitting center that could possibly be the organic 
component.41 To reveal the origin of this HE emission, PPNCl 
single crystals were prepared and measured to explore the 
luminescence of the organic component (Figure S5). The 
emission peaks of PPNCl appeared at around 480 nm, which is 
similar with the HE emission peak of (PPN)2SbCl5 (Figure S6), 
indicating that the organic component is likely responsible for 

HE emission. Meanwhile, the fluorescence emission from 
singlet localized excitons in SbCl52‒ pyramids was observed in 
this region as reported by Li et al.,37 which might also attribute 
to the HE emission of (PPN)2SbCl5. Therefore, the HE emitting 
center could be assigned to intra-ligand charge transfer of 
organic cations PPN+ and/or singlet localized excitons in 
SbCl52‒.36, 37 Moreover, we also measured the PL spectra of 
(PPN)2SbCl5 crystals with excitation wavelengths varying from 
280 to 380 nm and found that the intensity of high-energy 
emission peak enhanced firstly and then disappeared (Figure 
S4), resulting in excitation-dependent emission profiles.  

Considering the high PLQE, the obtained 0D (PPN)2SbCl5 
single crystals may be a candidate as scintillation material for 
X-ray radiation detection. Here, RL spectrum of (PPN)2SbCl5 
was measured under 50 KeV X-ray excitation to investigate its 
scintillation performance (Figure 3a). A commercially available 
thallium activated cesium iodide (CsI(Tl)) scintillator was used 
as a reference to quantify the scintillation light yield of 
(PPN)2SbCl5. Under X-ray irradiation, (PPN)2SbCl5 single 
crystals exhibit similar spectrum with dual-band emission at ~ 
480 and 635 nm as that of samples excited at 360 nm UV light 
(Figure S4), while CsI(Tl) also exhibit the same phenomenon 
(Figure S7), indicating the same radiative recombination 
channel under X‐ray and UV excitations.30 Importantly, 
although the absorption coefficient of (PPN)2SbCl5 is lower 
than that of CsI(Tl) due to the less existence of heavier elements 
(Figure S8), the count rate of (PPN)2SbCl5 (5.73×1011 cps) at 
the full energy peak is comparable to that of CsI(Tl) (6.36×1011 

Figure 3. (a) RL spectra of (PPN)2SbCl5 and CsI(Tl) under 50 KeV of X-ray excitation. The inset is digital photograph of the 
(PPN)2SbCl5 crystals under X-ray irradiation. (b) Linear relationship between dose rate and RL intensity for (PPN)2SbCl5 and CsI(Tl) 
scintillators. The inset is the data of (PPN)2SbCl5 measured at low dose rate. (c) The comparison of scintillation light yields of 
(PPN)2SbCl5 and some commercial scintillators. (d) Stability of (PPN)2SbCl5 crystals against continuous X-ray irradiation. 



 

cps), which can be attributed to its high quantum efficiency and 
little-to-no self-absorption.28  

To further evaluate the scintillation performance, RL spectra 
of (PPN)2SbCl5 and CsI(Tl) scintillators under varied X‐ray dose 
rates were measured by changing the power of X-ray tube 
(Figure S9). The RL intensities of both (PPN)2SbCl5 and CsI(Tl) 
are enhanced with the increasing of X-ray dose rate (Figure 
S10). Moreover, a linear relationship of X‐ray dose rate versus 
RL intensity was recorded for (PPN)2SbCl5 in a large range from 
~ 10 n Gyair s–1 to 90 µGyair s–1 (Figure 3b). The slope value of 
(PPN)2SbCl5 reaches ~ 91% of that of CsI(Tl). Thus, the light 
yield of (PPN)2SbCl5 can be estimated to be ~ 49000 ph MeV‒1, 
by referring to CsI(Tl) (54000 ph MeV‒1). The response of 
(PPN)2SbCl5 also displays a well linearity at the low range of X‐
ray dose rate (inset in Figure 3b), with a low detection limit of 
191.4 nGyair s–1, which is much lower than the requirement for 
regular medical diagnostics (5.5 µGyair s–1).17, 30, 42 By 
comparing with some other commercially available 
scintillators (Figure 3c), we found that the X-ray irradiation 
yield of (PPN)2SbCl5 is higher than or comparable with existing 
scintillators, indicating a desirable property for scintillation 
applications. The remarkable scintillation performance of 
(PPN)2SbCl5 can be attributed to its near-unity PLQE and large 
Stokes shift which resulted in high light yield and less self-
absorption of luminescence, respectively.27, 30 

 

Figure 4. (a) Stability of (PPN)2SbCl5 crystals against long-term 
storage under ambient conditions. (b) TGA curve of 
(PPN)2SbCl5. 

The stability of (PPN)2SbCl5 was characterized in various 
aspects. As shown in Figure 3d, (PPN)2SbCl5 has almost no light 
yield degradation upon continuous X-ray irradiation (90 µGyair 

s–1) for two hours. Under high-intensity UV illumination 
generated by a high-power mercury lamp (150 mW cm‒2) for 
two hours, the PL intensity of (PPN)2SbCl5 single crystals also 
remains unchanged (Figure S11). It is worth mentioning that 
(PPN)2SbCl5 also exhibits an excellent ambient stability. Single 
crystals could be kept in the solid state under ambient 
conditions with a relative humanity of 40 to 60% and 
temperature of around 25 ºC for two years with little-to-no 
change of PLQE (Figure 4a), i.e. the PLQE is 98.1 % for fresh 
(PPN)2SbCl5 and 97.4% for the same sample after two years’ 
storage. The high stability of (PPN)2SbCl5 can be attributed to 
the formation of 0D crystal structure, in which bulky PPN+ can 
dynamically stabilize the SbCl52‒ pyramids and protect them 
from outside environment.32 The thermostability of 
(PPN)2SbCl5 crystals was characterized by employing 
thermogravimetric analysis (TGA in Figure 4b). The thermal 
decomposition temperature was measured at more than 300 
°C, demonstrating high thermostability of (PPN)2SbCl5 single 
crystals. All these features suggest the great potential of 
practical application of this 0D organic metal halide hybrid. 

In summary, we have developed a novel lead-free X-ray 
scintillation material, (PPN)2SbCl5, which can be prepared via a 
facile solution process to from single crystals with the size of 
several millimeters. This organic metal halide hybrid adapts a 
typical 0D structure at the molecular level, with isolated SbCl5‒ 
anions ionically bonded to surrounding organic cations PPN+. 
Optical spectroscopic studies show that (PPN)2SbCl5 has photo 
absorption in UV region and exhibits excitation dependent 
dual-band emissions from both organic and inorganic 
components. When excited with X-rays, the crystals display 
bright salmon pink luminescence and give high scintillation 
light yield of ~ 49000 ph MeV‒1. The response of (PPN)2SbCl5 
scintillator displays a well linearity at a large range of X‐ray 
dose rate and provides a low detection limit. Moreover, 
(PPN)2SbCl5 single crystals exhibit remarkable irradiation, 
storage, and thermal stabilities. Our work suggests a new way 
to develop low-cost eco-friendly high-performance X-ray 
scintillators.  
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