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Abstract

:

Scintillator materials convert high-energy radiation into photons in the ultraviolet to visible light region for radiation detection. In this review, advances in X-ray emission dynamics of inorganic scintillators are presented, including inorganic halides (alkali-metal halides, alkaline-earth halides, rare-earth halides, oxy-halides, rare-earth oxyorthosilicates, halide perovskites), oxides (binary oxides, complex oxides, post-transition metal oxides), sulfides, rare-earth doped scintillators, and organic-inorganic hybrid scintillators. The origin of scintillation is strongly correlated to the host material and dopants. Current models are presented describing the scintillation decay lifetime of inorganic materials, with the emphasis on the short-lived scintillation decay component. The whole charge generation and the de-excitation process are analyzed in general, and an essential role of the decay kinetics is the de-excitation process. We highlighted three decay mechanisms in cross luminescence emission, exitonic emission, and dopant-activated emission, respectively. Factors regulating the origin of different luminescence centers controlling the decay process are discussed.
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1. Introduction


The detection of X-rays and γ-rays is essential for many applications such as defense science, radiology security, industrial applications, high-energy physics, and biomedical research [1,2,3,4,5,6]. Interactions of incident photons or ionizing particles with a material excite its electrons into a higher energy state, and radiative de-excitation releases photons in the ultraviolet (UV) to visible light region. A scintillator is a material in which the emission light spectrum is sufficiently separated from the absorption light spectrum. Inorganic scintillators are characterized as materials that typically contain elements with high atomic number (Z) and exhibit short attenuation length. Inorganic solid scintillators offer excellent stopping power for the ionizing radiation, and they produce optical signals that can be detected with sensitive photodetectors and fast electronics [7].



The use of a scintillating material is an attribute of its photophysical property. Scintillators are characterized for their decay time, light yield (typically expressed in units of optical photons emitted per MeV of ionizing radiation absorbed), and absorption coefficient. Thus, selection of scintillator depends on the specific objective of an application. Thallium activated NaI and CsI are among the most popular scintillators that have exhibited very high light yields [8,9], and their decay time is about ~200 ns. Whereas self-activated BaF2 cross-luminescence is very fast (0.6 ns), it has low radiative efficiency due to the low probability of forming holes in the upper core band [10]. In metal halides, luminescence originates from near band-edge emission, and the decay lifetime depends on host lattice, emission wavelength, and temperature. On the other hand, the doped materials such as rare-earth (RE) doped scintillators offer scintillation color tunability [11]. RE doped scintillators use dipole allowed transitions between   4  f n  − 4  f  n − 1   5  d 1    states for fast scintillation with short decay time. In the past two decades, Ce3+ doped inorganic scintillators, such as LuI3:Ce3+, have become popular due to rapid Ce3+ ion transition (~25 ns). Likewise, Eu2+ or Pr3+ based scintillators have been developed for fast and visible scintillation [12,13,14].



Tailoring host and activators for a better scintillation performance is a continued effort by researchers. The primary prerequisite is to understand the basic energy transport channels between the energy absorption events and scintillation centers. The typical emission channels in various inorganic scintillators are addressed in this review article. This review aims to provide a succinct description of the major decay mechanisms observed in various inorganic and organic-inorganic hybrid scintillators. The effect of structural geometry and role of the organic and inorganic sub-units in the hybrid are also discussed.




2. Scintillation Mechanism


The kinetics of the scintillation event is characterized by conversion, transport, and luminescence stages, as shown in Figure 1a, which are few orders slower than the initial energy conversion stage. For the single component decay, the emission intensity I(t) related to the decay time τ is the following:


  I ( t ) = A  e    − t  τ     



(1)




where A is a constant. The decay time can be characterized by the transition states or levels responsible for emitting the photons. Cross luminescence (CL) is one of the phenomena for fast scintillation with decay time in the order of a few nanoseconds or less, where the radiative transition occurs between an electron in the valence band, and a hole in the core band recombine (Figure 1a). The general requirement for CL is that the energy difference.



Ec-v between top of valence band and top of core band should be less than bandgap Eg (Ec-v < Eg) [16]. If, on the other hand, Ec-v > Eg, an Auger process occurs, which is non-radiative recombination of the core hole with the electron from the valence band. CL is often spotted in alkali halides and alkaline-earth halides [17]. Moreover, near band-edge emission via excitons or the charge transfer (CT) emission in anionic complexes, where metal ions coordinated by the anions (O2−, S−, Se, F−, Cl−, Br−, I−), are two typical luminescence centers in self-activated scintillation materials (Figure 1b,c). Excitonic luminescence involves recombination of free electrons and free holes attracted to each other by Coulomb interaction, also known as free excitons, whereas a significant coupling between the free excitons and lattice generates a lattice distortion, causing self-trapped by the distortion, known as self-trapped exciton (STE) [18]. STE can be considered as excited-state defects, as they exist only upon excitation, and the lattice distortion disappears following decay to the ground state [19]. In general, the STE originated luminescence lifetime is of the order of few tens of ns to hundreds of ns (the intermediate process in Figure 1b). While the presence of lattice defects can trap either of the charge carriers (holes and electrons) and increases the decay lifetime, being the slow process in Figure 1b. CT scintillation is another kind of self-activated scintillation process, as shown in Figure 1c. Transition-metal and lanthanide ions in crystals and solutions exhibit broad absorption bands in the UV region, due to transition caused by the transfer of an electron from a ligand to the incomplete d or f shell of the ions. This kind of transition is termed as charge-transfer absorption. The reversed process, which transfers of the electron from the central ion back to the ligand, leads to an emission of a photon. Typical decay times for the CT luminescence are quick (ns). While in the presence of lattice defects, the decay time is longer.




3. Emission Dynamics in Inorganic Scintillators


The common inorganic scintillators include halides (alkali-metal halide, alkaline-earth halide, rare-earth halide, oxy-halide, rare-earth oxyorthosilicates, halide perovskite), oxides (binary oxide, complex oxide, post-transition metal oxide), sulfides, and rare-earth doped scintillators. The emission dynamics of these scintillator materials is presented in the following sections.



3.1. Emission Decay Dynamics in Halides


3.1.1. Alkali-Metal Halides


Activated alkali halide crystals are widely used as scintillation detectors for X-rays and γ-rays. The emission of undoped alkali-halides is mainly due to recombination of STE. In alkali halides and some other ionic crystals, there are self-trapped holes (Vk). The self-trapped holes are stable and remain localized at low temperatures whereas the electron mobilities are much higher [20]. Thus, the charge recombination dynamics is slow in alkali halides. In some pure alkali halides, luminescence at wavelength range of 400–500 nm can occur through generation of F-H centers formed due to electron-hole vacancies [21]. However, this type of emission has rather low intensity. Pure NaI [22] and pure CsI [23] have fast radiative recombination (few tens of ns) due to lattice intrinsic property. Schotanus et al. [24] observed two emission bands in pure CsI under X-ray excitation at 315 and 450 nm, respectively. The 315 nm maxima band was ascribed as STE luminescence of the pure CsI, whereas the 450 nm component was explained by the presence of I− vacancies (lattice defects). The scintillation yield at room temperature (RT) is very low for both the materials; hence, in general, they are doped with an activator, especially with Tl+ ions [25]. However, at low temperature scintillation, a high light yield can be achieved by suppressing of non-radiative component [26,27]. For example, Moszyński and coworkers [28] reported light yield of 10,000 ph/MeV at 77 K for the pure CsI. However, pure NaI and pure CsI have limited utilization due to low light output at RT. Doping of Tl+ ions with a ns2 outer shell configuration in the lattices of NaI and CsI incredibly increases the light output at RT. NaI:Tl is one of the most common inorganic scintillators for many applications because of its very high light output of >44,000 photons per MeV. Minor doping with thallium (0.1%) in NaI(Tl) gives rise to a broadband at 430 nm (Figure 2a,b) attributed to Tl+ emission, while significantly lower light output was obtained when crystal was cooled down to liquid nitrogen (LN2) temperature, as reported by Sibczyński et al. [27]. Light output of NaI:Tl differs radically at liquid nitrogen (LN2) temperature and RT. The light yield at LN2 temperature was (9100 ± 450) e-h/MeV, which is almost a half the light output measured at RT (18,700 ± 930) e-h/MeV. Further, scintillation emission dynamic was also found to be different at the lower temperatures, and the decay time was measured as (736 ± 10) ns at LN2 and (239 ± 3) ns at RT, respectively (Figure 2c,d) [27]. There are some disadvantages associated with the NaI(Tl) that limit its application despite very high light yield, such as hygroscopicity and low strength against mechanical and thermal shocks [29]. Moreover, the major decay time of the scintillation is >200 ns, which is inadequately long for may fast or high counting applications. Although, highly pure NaI(Tl) scintillator with τ ~200 ns can be chosen for particle dark matter investigation due to well-known technology [30,31].




3.1.2. Alkaline-Earth Halides


Among alkaline-earth halides, the best-known fast scintillator is BaF2 (τ = 0.6 ns). The X-ray induced emission of BaF2 has fast and slow two components, as shown in Figure 3. The fast component has two maxima at ~190 and ~220 nm, with ultrafast decay time of 0.6 ns. In contrast, the slow component at a longer wavelength (250–400 nm), with decay time of ~620 ns [32]. The ultrafast intrinsic luminescence in BaF2 is due to radiative electronic transitions between the top core band (5p, Ba) and valence (2p, F) levels of the crystal (cross luminescence). The slow scintillation component in BaF2 is due to the relaxation of STE. Fast timing is required for positron lifetime studies, time of flight measurements, positron emission tomography, and several high energy or nuclear physics applications. BaF2 is a good choice for such an application. However, the slow component at 310 nm with a decay time of about ~600 ns, which causes deterioration of the time resolution at high counting rates. Suppression of the slow component is a crucial key when applying this material to high counting rate experiments. An approach for slow component suppression is lanthanide (Ln) doping into BaF2. Ln ions cause a significant reduction of the slow component with just a slight reduction of the fast component [33].



Schotanus and coworkers [33] found that the addition of a few percent of La3+ to the BaF2 substantially reduced slow component with no considerable effect on the intensity of the fast component. The suppression of the ~310 nm STE band in Ln doped BaF2 is due to energy transfer from STE band to the various excitation band of Ln3+ ions. Metal chlorides relatively have a less bandgap Eg than their fluorides counterparts. That is why only a few alkaline earth chlorides materials possess relatively bright cross luminescence. Like BaF2, barium chloride (BaCl2) also has a very fast decay component with a lifetime of 1.6 ns and a slow component of several tens of nanoseconds. However, Koshimizu et al. [35] reported the origin of the fast component as an attribute of self-trapped excitons, whereas the observed slow component was considered an extrinsic luminescence.




3.1.3. Rare-Earth Halides


RE halide scintillators are promising materials for X-rays and γ-rays detection. LuI3 compound has high atomic number and high density (5.6 g/cm3) that can be used to cause X-ray and γ-ray ceasing [36]. In a systematic study of the scintillation properties of pure and Ce3+ doped LuI3 materials, Birowosuto et al. [37] found them suitable for RT scintillation process. At both low temperature (80 K) and RT, radioluminescence spectra exhibited a broadband emission around ~470 and ~450 nm, respectively, for the undoped LuI3 sample (Figure 4a,b). This band is attributed to STE luminescence. Whereas Ce3+ doped (0.5%, 1%, 2%, and 5%) samples consist of two broad overlapping bands at 472 and 535 nm. These bands are attributed to Ce3+ luminescence and no residual of STE emission is present [38]. The scintillation decay curve of various Ce doped LuI3 samples has shown multiple time scale average decay time, as shown in Figure 4c,d. Ce3+ doping into the host introduced a faster decay component arising from direct electron-hole capture on the Ce3+ site. In undoped LuI3, the scintillation decay curve is dominated by two intermediate components of 199 and 550 ns, whereas, in Ce3+ doped samples, the scintillation decay curves exhibit a fast decay component of 35 ns. Additionally, an ultrafast component of 6–10 ns is observed in the scintillation decay time curves of LuI3:1%, 2%, and 5% Ce3+. LuI3: Ce3+ is a green-emitting scintillator at RT with promising photodiode application.



The alkaline-earth halides have excellent luminescent properties when various RE ions are doped into their lattice. Eu2+ activated alkaline-earth halides are good for the conversion of ionizing radiation into visible blue light. Figure 5 shows the beta-excited radioluminescence spectra of several alkaline-earth halide crystals, emitting in the blue region of the visible spectra. They show a typical Eu2+ emission in various alkaline-earth halide crystals that is due to Eu2+ d → f transition, and the decay time of such transitions is relatively long (μs). Eu2+ doped strontium iodide (SrI2:Eu2+) scintillator was discovered in 1964, and subsequently patented by Hofstadter in 1968 [39]. Due to high theoretical light yield of >90,000 photons/MeV with an energy resolution of about 2.6% at 662 keV [13], it has recognized as an excellent material for γ-ray spectroscopy [40]. CaI2:Eu2+ is another blue light-emitting halide with a higher theoretical light yield (114,000 photons/MeV) [40] than the SrI2. The crystal is prone to cracking and plastic deformation during both crystal growth and detector fabrication, and such defects are likely the reason why CaI2 has not been extensively explored [41]. For X-rays/γ-rays down conversion to blue light, SrI2:Eu2+ is the most promising among other alkaline-metal halides while its long (μs) Eu2+ lifetime is limited by its fundamental matrix component.




3.1.4. Oxy-Halides


Introduction of the halogen ions into conventional inorganic oxide compounds affects the electronic state of the metal center. With the substitution of oxygen anion by halogen with a different valence, ionic radius and bonding nature can be utilized for tweaking the scintillation properties of the compound. RE based oxy-halides are extensively studied for the scintillation application. The characteristic emission of the RE activator ions can be observed in RE based oxy-halides. Various cerium doped REOX (RE = Y, Gd, La, and Lu; X = F, Cl, Br, and I) oxyhalide compounds were studied by Eagleman et al. [43]. Of these materials, YOCl:Ce3+, GdOCl:Ce3+, and all oxybromides and oxyiodides showed typical cerium-activated emission with a decay time of 20–30 ns. The emission intensity of the RE activator ion in RE oxyhalide decreases as the stability of the phosphor decreases. The hygroscopic nature of each RE oxyhalide is inversely related to the ionic size of their rare earth. For the same reason, Rabatin [44] found lutetium oxyhalides compounds were much less stable compared to lanthanum oxyhalides, causing decrease in the phosphor light emission intensity. The RE oxyhalides provide an appropriate host matrix for lanthanide doping. For the Ce3+ ions, the emission wavelength changes with the halide in the composition. When an anion changes from Cl, Br to I, generally this change leads to a faster scintillation response, as the lifetime of STE shortens [14].




3.1.5. Rare-Earth Oxyorthosilicates


Lutetium oxyorthosilicate (Lu2SiO5, LSO) and yttrium oxyorthosilicate (Y2SiO5, YSO) are well known rare-earth oxyorthosilicates as scintillation materials [45]. Doping with rare-earth elements, LSO/YSO are competitive to other scintillating materials such as LuAlO3 perovskite or Gd3Ga4O12 garnets with submicron resolution [46,47]. Inorganic scintillators are widely applied to medical imaging scanners. LSO has large absorption coefficient, high light output, and fast decay [48]. LSO:Ce shows interesting properties such as high luminescence efficiency, high density of 7.4 g/cm3, and a fast decay time of ~40 ns [49]. However, it is well known that LSO:Ce exhibits an “afterglow” phenomenon, in which LSO crystals emit photons for several hours after irradiation by visible light or X-rays [50]. Short decay time is a desirable parameter for many applications, such as time-of-flight positron emission tomography since faster decay time substantially improves coincidence timing. Codoping with Ca divalent cations can influences the scintillation properties of LSO:Ce. Agnieszka et al. [50] found Ca2+ codoped LSO:Ce sample had increased light output of about 30% and the afterglow decay time shortens. Another work by Szczęśniak et al. [51] found that 0.3–0.4% Ca2+ shortened the decay time to ~30 ns. Codoping Mg2+ to Gd3Al2Ga3O12:Ce scintillating crystals also improved response time [52].




3.1.6. Halide Perovskite


Perovskites are an emerging class of materials exhibiting outstanding optoelectronic properties [53] in devices, such as solar cells, light-emitting diodes (LED), photodetectors and laser diodes [54]. Halide perovskite materials have the general formula ABX3, where A and B are two cations, and X is a halide such as I or Br [55]. These materials exhibit excitonic luminescence under X-ray excitation [55]. Replacing either A-site cation, B-site cations with different metal cations or X with different halogens, the scintillation properties can be tuned. The general scintillation mechanism for the high-intensity irradiation from the perovskite nanocrystals proposed by Chen et al. [56] is shown in Figure 6a. Upon X-ray irradiation, high-energy electrons are ejected from the lattice atoms through photoelectric ionization. Subsequently, the ejected high-energy electrons produce secondary electrons. The generated hot charge carriers then undergo thermalization and produce low-energy excitons. A recombination of the excitons in either a singlet (S) or triplet (T) state at the electronic band-edge produces fast scintillation (on the time scale of few ns to tens of ns.) [56]. Halide perovskites have efficient self-trapped excitons emission. The emission profile is often the same in halide perovskites under X-ray and UV light excitation, indicating that the dominant scintillation mechanism is similar under both source excitations [57]. Heo and coworkers studied the scintillating property of CsPbBr3 nanocrystal by examining the static and dynamic photoluminescence. The band-edge emission of CsPbBr3 was observed at 550 nm with an average lifetime of 2.87 ns [36], and similarly, Wang et al. [58] reported the average lifetime (τav) of CsPbBr3 nanosheets as 5.9 ns. The optical bandgap energy (hence the emission wavelength) can be tuned across almost the entire visible range (ca. 410–700 nm) by adjusting the halide composition due to the different ionization potentials of the various halide components (Figure 6c). The effect of change in halide component can be observed by monitoring the change in the solution appearance (Figure 6b). The emission wavelength has an inverse relation with the decay time, which can be modified. Tong and coworkers synthesized CsPbX3 (X = Cl, Br, I, Cl/Br, and Br, I) nanocrystals [59]. Time-resolved PL measurements of CsPbX3 nanocrystals (NCs) revealed multiexponential decay traces with average lifetime in the range of 2.5–34.5 ns and with an inverse correlation between the halide-ion-controlled bandgap and the decay lifetime (Figure 6d). Replacing lead with nontoxic metals tin, Jellicoe et al. studied the Sn-based metal halide perovskite (CsSnX3) PL kinetics and observed two distinct decay components [60]. The fast-decaying luminescence was described from band-edge states, while the slower decay was due to recombination from defects states just below the band-edge. Metal halide perovskite can convert X-rays directly into visible emission. The light yield which is a vital factor to consider when choosing a scintillator is inversely proportional to the optical bandgap (Eg). Metal halide perovskites generally have low bandgap (1.6–3.1 eV) compared to traditional scintillators (CsI = 6.4 eV, NaI = 5.9 eV, CaWO4 = 4.6 eV) [61]. Thus, halide perovskites offer higher theoretical yield ~130,000–250,000 photons/MeV [62] along with easy synthesis of low-dimensional structures with straightforward control on the dynamics of the recombination [57].



Fluorides, chlorides, and bromides containing cations with the binding energy of electrons of outermost np6 shell from 12 to 19 eV normally have Ec-v < Eg [63]. The condition is met for the CL in Ba, Cs, Rb, and K based crystals, which is an ultra-fast emission process. The origins of STE luminescence and CT luminescence are fundamentally different from CL; STE occasionally appears as a slow component in the decay profile. To achieve ultra-fast luminescence, alkaline-earth halides are preferred over alkali halides because of their non-hygroscopic property, whereas doped alkali-metal halides offer higher light yield over the alkaline-earth halides. The band structure of a halide inorganic materials changes with the alteration in halide anion, hence causing the origin and decay time of the scintillation change. Table 1 lists various halides and their scintillation characteristics.





3.2. Emission Decay Dynamics in Oxides


3.2.1. Binary Oxides


Inorganic ionic crystal and wide bang-gap semiconductors show band to band transition. For intrinsic semiconductors, recombination kinetics is a complex function dependent on the radiative recombination rate, photoexcited charge carrier density, interactions among these photoexcited carriers (e.g., Coulomb interactions), and interactions with the defects (e.g., nonradiative recombination) and the lattice [64]. The excitonic transitions in a semiconductor display sub-nanosecond radiative lifetimes. The spontaneous emission probability (1/τ), also called “Einstein A coefficient” [65]:


   1 τ  =   4  e 2    3 ℏ  c 3     ω  21  3  |    r  21    →   | 2   



(2)




where is ħ Planck’s constant, c the velocity of light, ω the angular frequency of the radiation, r21 is the dipole matrix element. The dependence of τ on the ω3 factor for the X-ray spectral range can lead to an extremely fast radiative lifetime (ps) [66]. Some oxide materials are listed in Table 2.



ZnO:Ga showed near-band-edge emission (NBE) under X-ray excitation [97]. The scintillation light yield in semiconductors is often low, due to competing non-radiative channels at RT. Ga n-type impurities in ZnO provide an abundant supply of electrons as additional radiative centers. Lehmann [97] suggested two models to explain the ultra-fast NBE emission of ZnO:Ga at RT. These were (1) the recombination of donor band electrons (from the introduction of the gallium) and free holes in the valence band (created as a result of the excitation) and (2) the recombination of donor band electrons and holes trapped in a level close to the valence band-edge (shallow acceptors) (Figure 7a). Likewise, a p-type impurity can act as a hole trap, increasing the probability of the radiative recombination in the crystal. The addition of tellurium in zinc selenide as an isovalent impurity introduces defect centers serving for efficient recombination centers [98]. With addition of both types of impurities (n-type and p-type), one serves as an efficient electron donor, and another one provides efficient trapping of the holes respectively, which can be a possible strategy to achieve a luminosity and decay time close to the fundamental limits [99]. Whereas, the other lattice defect assisted emission can be very long (μs), as reported for ZnO:Zn, CdS:Ag and ZnS:Ag [100].



β-Ga2O3 is a wide bandgap (4.85 eV) [101] scintillator with very fast decay time. He et al. [102] investigated the PL and scintillation properties of this semiconductor material. The emission profile under ultraviolet excitation and X-ray excitation was basically the same, concluding the existence of similar decay channels. Yanagida and coworkers [81] report the scintillation properties of β-Ga2O3 as shown in Figure 7b,d. The emission band is mainly composed of two peaks in the UV and blue ranges. The emission band peak centered at 380 nm has a complex character, which is a characteristic for a system where transitions occur within different emission centers [103]. The UV band is generally independent of specific impurities and thus is assigned to the emission of STE [104]. This emission mechanism is different from the NBE emission, which can cause unavoidable self-absorption, due to small Stokes shift. The UV band emission typically demonstrates fast kinetics in the nanosecond range. The broad blue band is attributed to transitions involving deep donors and acceptors. Electrons recombining with holes at the defect sites are the origin of recombination luminescence with long decay kinetics (hundreds of ns range). The two emission centers can be seen in the decay curve (Figure 7c) that consists of two exponential components with time constants of 8 and 977 ns. The scintillation properties of the crystal can be enhanced by certain doping. Ions with ns2 outer shells are well known luminescent centers with intense inter-configuration transitions (s2 → sp) [105,106]. Tl+, Pb2+, Bi3+ with 6s2 are all in this class that has been used as luminescent centers for the scintillation process. The mixing of singlet and triplet excited states is due to spin-orbit interaction, and the decay time is short. The luminescence decay time is of the order of hundreds of μs at low temperatures, but it is diminished by many orders of magnitude (hundreds of ns) at RT by temperature quenching [2]. Several ns2 ions were doped in β-Ga2O3 crystal by Usui et al. [107]. The impact onto the scintillation decay time is shown in the form of a Table 3. Doping of the ns2 ions showed higher scintillation intensities than that of the undoped crystal. Generally, emissions due to ns2 ions appear around 400–600 nm which overlap with the host emissions. Moreover, the transitions among nsnp–ns2 of the dopant ions have different characteristics than the host β-Ga2O3. Thus, the emission intensity and radiative decay time change with such dopants. More reports on binary oxides can be found in the literature [108,109].




3.2.2. Complex Oxides


Charge-transfer emission of a photon in multi-metal crystal system and solutions typically has quick decay times (ns). While in the presence of lattice defects, the decay time gets longer. Lead tungstate (PbWO4) is an example of a self-activated scintillator with a fast emission of charge-transfer transitions in anionic molecular complexes. It typically shows two broadband emission: one in the blue region and another in the green region (other emissions due to lattice defects are neglected here). The blue emission is usually attributed to the STE recombination at the regular host oxy-anionic complexes (WO4)2−, and the green emission band is attributed to STE recombination at oxygen-deficient oxy-anionic complexes WO3 [110,111]. As previously discussed (Figure 1c), the allowed transition between CTS and the ground state is usually very fast. Anionic complexes have the highest occupied molecular orbitals, which are formed by the anions 2p orbitals and is separated from the first excited state that is made up mainly of metal d orbitals. The emission from CTS is fast. In many investigations, the characteristic luminescence decay time in PbWO4 single crystals was found 8–10 ns [110,112,113]. CaWO4 and CdWO4, the other two tungstate compounds, have similar intrinsic luminescence of excitonic nature as PbWO4, but their decay rates are different at RT. The decay time of CaWO4 or CdWO4 is in the order of several μs, whereas of PbWO4, in the order of nanoseconds. There is a significant difference in thermal stability and the onset of thermal quenching of the excitonic state [114]. For the detail of creation and stability of the excitons in PbWO4, refer to a report by Laguta and coworkers [115]. In CaWO4 and CdWO4, STE emission intensity was temperature-independent almost up to RT, while STE in PbWO4 started thermally reducing around 150 K and become critically thermally quenched at RT, leading to faster decay time and much lower scintillation efficiency [116].



Recently, charge transfer type luminescence of different metal-tantalate-oxides including ScTaO4, YTa3O9, and Zn3Ta2O8 have been analyzed by Bourret and coworkers [117]. The comprehensive study of over 63 metal-tantalate-oxides shed light on the effect of Ta-O-Ta angle in the local crystal structure of the metal-tantalate-oxides. In their report, only three compounds (ScTaO4, YTa3O9, and Zn3Ta2O8) are found to have 40% of their emission in the first 1 μs along with light yield greater than 1000 ph/MeV at RT. The origin of luminescence in tantalate compounds is mainly attributed to the recombination of STE, on a tantalate group (Ta4+–O2−). Difference of the excitonic luminescence intensity among the compounds was interpreted in terms of crystal structure/self-trapping energy relationship [118,119]. The smaller the Ta-O-Ta angle, the higher the luminosity. Bourret et al. [117] concluded pure Zn3Ta2O8 is the best among metal-tantalate-oxides with estimated luminosity of 26,000 ph/MeV with a decay time of approximately 600 ns.




3.2.3. Post-Transition Metal Complex


Bismuth germanate, mostly expressed as Bi4Ge3O12 (BGO), is a complex inorganic material composed of elements following transition elements. It is a typical example of bismuth synthetic material with ρ = 7.1 g/cm3, and the high density offers good attenuation of X-rays and low radiation damage, resulting in good reproducibility of the detection. BGO single crystal under X-ray excitation is characterized by a short decay time (300 ns) and an extremely small afterglow [120]. Trivalent bismuth cation in inorganic compounds or hosts exhibits interesting luminescence properties originating from the excitation and emission of its 6s2 inert lone pair electrons [121,122]. Bismuth ion (Bi3+) emission spectra show a broadband due to electron transition between the 6s2 ground states and the 6s6p excited states [123]. The transition between the ground state of Bi3+ ion (1S0) and its excited triplet levels (3P0 or 3P2) [124] is spin forbidden; however, the excited 3P1 level undergoes mixing with the singlet 1P1 level by spin-orbit coupling, allowing 1S0 ↔ 3P1 transitions. Radiative transition from 3P1 → 1S0 is partially allowed, and the decay time usually is between 10−6 to 10−8 s [125]. For instance, Blasse et al. found LaBO3:Bi3+ and CaSO4:Bi3+ with lifetimes of 800 ns and (60 ± 10) ns, respectively [125,126]. Radioluminescence decay of BGO at different temperatures was found in the range of 6 ms to 300 ns by Porter-Chapman and coworkers [127]. Weber and Monchamp [128] associated BGO PL and radioluminescence to Bi3+ transitions (Figure 8a). The emission levels are closely spaced, and the population in the excited level varies with the temperature, and hence, the decay time is a function of temperature (Figure 8b). At low temperatures, emission deriving from 3P0 → 1S0 has a long decay time (μs) due to the small probability of this transition. At higher temperatures, the luminescence appears mainly from the partially allowed transition (3P1 → 1S0) with a shorter decay time (hundreds of ns). The shorter decay times observed at higher temperatures are also attributed to non-radiative quenching commonly found in Bi3+-activated materials [127].



The popularity of BGO as scintillator encouraged research in the field of other Bi3+ doped compounds. Such studies on three Sillen bismuth oxyhalide phases, SrBiO2Cl, BaBiO2Br, and BaBiO2Cl, have shown varying scintillation properties in term of light yield and temperature dependency. In a comparative study of SrBiO2Cl, BaBiO2Br, and BaBiO2Cl with BGO, Porter-Chapman et al. [127] found the X-ray excited luminosities of the three compounds to be 24%, 27%, and 81%, respectively, of the BGO luminosity. A complete listing of the three major decay components and their fractional percentages for SrBiO2Cl, BaBiO2Br, BaBiO2Cl, and BGO measured at RT can be found in Table 4. SrBiO2Cl displays relatively fast decay times of 50, 200, and 300 ns at RT for its most significant decay components, when compared to the other two Sillen compounds and BGO. Moreover, the radioluminescence observed in BaBiO2Br and BaBiO2Cl is not as temperature dependent in comparison to the luminosities found in SrBiO2Cl and BGO. There are more research reports on the doped BGO [96,129,130,131,132].





3.3. Emission Decay Dynamics in Sulfides


Semiconductor scintillators have both excellent luminosities and the shortest decay times. In this section, scintillation properties of sulfide semiconductors are discussed. ZnSe:Te and CdSe:Te are examples of two commercially available sulfide scintillator. Tellurium is used as an isoelectric hole trap [133]. Tellurium has an electronegativity of 2.1 eV and acts as a hole trap when it replaces Zn or the Cd in the respective sulfide. Cadmium sulfide is a n-type direct-gap semiconductor. In 1966, Lehmann reported ultrafast (<1 ns) NBE emission from In-doped CdS [97]. The intensity was moderate at low temperatures and low at RT. CdS:Te has a broad emission spectrum with a maximum at ~640 nm (1.94 eV), 0.55 eV from the 2.49 eV band edge, and the main decay components are 270 ns and 3.0 μs [134]. At RT, configurational thermal quenching reduces the luminosity.



Silver-activated zinc sulfide is considered for fast neutron detection. ZnS:Ag,Cl is a commercial phosphor with an emission peak at 450 nm. It is a well-studied phosphor and the high luminosity (100,000 photons/MeV) [135] is attributed to a donor–acceptor complex that is very efficient in trapping ionization electrons and holes [136,137,138]. Many combinations of dopants and codopants have been reported, while the highest luminosity is achieved by using Ag (an acceptor) and Cl (a donor) as the codopant. The main drawback of the ZnS(Ag) phosphor has been its long decay time (~10−5 s) [139,140,141]. However, ZnS:Ag,Cl can be used to detect thermal neutron if a lithium compound enriched with 6Li is incorporated [142].




3.4. Rare-Earth Doped Scintillators and Refractive Index and Matrix Effect


RE-doped inorganic scintillators present wide optical tunability over the emission color. The 4fn–4fn−1 5d1 optical transitions have high radiative probability and short lifetime (tens of nanoseconds) when compared to parity forbidden f–f transitions [143]. RE ions doping into a host matrix, e.g., fluoride, phosphate, oxide, and oxysulfide, generally exhibits their characteristic emission [144,145,146]. In RE-doped inorganic scintillators, primarily have three decay channels, which determines the scintillation emission dynamics (Figure 9). The fast decay (ns) is often associated with the 5d–4f emission of the rare-earth activator after sequential capture of the holes and the electrons during ionization. For the intermediate decay (few hundred of ns), the particles are firstly captured at the various impurity levels, leading to a prolonged lifetime. Whereas the slow decay (up to μs) can be either due to STE emission of the host or/and the non-radiative energy transfer from STE to the activator, resulting in direct radiation from the activator [147].



Ce3+, Pr3+, and Nd3+ are the common RE activator ions where the scintillation emission is due to dipole allowed transition from the lowest 4fn−15d1 to the 4fn ground configuration. Moreover, the absence of high-lying excited 4f states just below the 5d excited state in these activators reduces the probability of non-radiationally transfer of the excitation energy to the 4f states. A forbidden 4f–4f transition results in a longer decay (ms). In an ideal scintillator, the transfer speed of excitation energy from the ionization trail to the activator is much faster than the lifetime of the activator emitting state. Generally, the decay time rate Γ of an excited state is given by [135],


  Γ =  1 τ  ∝  n   λ  e m  3      (    n 2  + 2  3  )  2   ∑ f  | < f | μ | i |  > 2   



(3)




where n is the refractive index of the crystal and λem the emission wavelength, f and i denote the final and initial states, respectively, and µ is the dipole operator. The dipole operator µ is effective for transitions between states of different parity. The change in the decay time rate of RE-doped scintillators can be predicted following Equation (3). The decay time can be shortened by reducing the emission wavelength (λem) and increasing the refractive index (n). Following Equation (3), Dorenbos has predicted the decay time as a function of the refractive index n of the host compound for Ce3+ emission (Figure 10) [148]. Ce3+ ion emission is at 266 nm for KMgF3 (n = 1.4 and τ = 20 ns) whereas, the Ce3+ ion emission is at 314 nm for CaF2 (n = 1.43 and τ = 48 ns). The fluorides did not show decay time shorter than 20 ns. The refractive index needs to be larger than 1.6 to arrive at shorter decay times. Oxide compounds generally have larger refractive index (1.6 to 2.0) than fluorides, but the emission wavelength is longer as well; for example, λem = 535 nm for Y2Al3O12 with (n = 1.4 and τ = 62 ns), and λem = 345 nm for YAlO3 with (n = 1.96 and τ = 17 ns). The same applies to chloride and bromide compounds. The ultimate scintillation decay time for a RE- doped inorganic compound is limited by the host refractive index along with the activator’s emission wavelength.



The electric dipole matrix element for the f–d transition decreases through the lanthanide series partly by a decrease of the overlap integral <f|µ|i> [149]. The radiative transition probability is proportional to the square of the overlap integral (Equation (3)) [150]. The average decay time of different RE ions doped hosts can be estimated assuming other factors the same for the same host lattice. For instance, the decay time of Ce3+ and Pr3+ doped in the same compound can be estimated employing Equation (3). The highest energy Pr3+ 5d–4f emission is always at 1.55 eV, a higher energy than the emission of Ce3+ 5d to its ground state [151]. Assuming the matrix elements are the same, the decay rate of Pr3+ emission to the ground state should be 0.4 times that of Ce3+ for Ce emission at 310 nm. The reported decay time of Pr3+in Lu3Al5O12 is 17.5 ns [38], and for Ce doped Lu3Al5O12, it is 52 ns [152]. Nearly the same as predicted by Equation (3). Whereas the matrix element of the divalent europium (Eu2+) is about a factor of 25 times smaller than that of Ce3+. The shortest scintillation decay for Eu2+ doped compounds is expected ~375 ns (~25 × 15 ns, and the Ce3+ decay time is 15 ns) [148].



Like transition metals, RE ions in crystals show absorption band in UV region due to a transition caused by the transfer of an electron from a ligand to the incomplete f or d shell of the RE ions [153,154,155]. Yb3+ doped crystals exhibit charge transfer luminescence in the visible and UV regions [156]. Nakazawa firstly observed charge transfer luminescence of the Yb3+ ion in 1977 in phosphate and oxysulfide lattices [156]. Yb3+ has only one excited state (2F5/2) located at 10,000 cm−1 above the ground state (2F7/2), and the energy difference between CT state and the highest 4f Yb3+ is about 39,000 cm−1 [157,158,159]. Transition from CT state to either the 2F5/2 or to 2F7/2 is expected to have a short lifetime (a few to a few tens of ns depending on the host). Fujimoto et al. reported decay times for Yb3+ doped YAG crystals in the range of 2–4 ns [160]. In a report by Pieterson and coworkers [161], recounted the time scale for the Yb3+ CT decay in various host (fluorides, oxides and oxysulfides) varies from 100 ns to 200 ns. Charge transfer luminescence mechanism is not inhibited by either the parity or by spin selection rules; hence it is fast (in the order of few ns to tens of ns).





4. Emission Dynamics of Organic-Inorganic Hybrid Scintillators


Organic-inorganic hybrid compounds have emerged as promising materials for various applications in optoelectronics and photovoltaic devices [162,163,164]. Such hybrid compounds have shown excellent scintillation properties, which can be easily tuned by selecting suitable organic and inorganic components. Further, the ease of synthesizing low-dimensional structure offers size confinement effect, causing to obtain enhanced scintillation properties. The effect of dimensionality and the organic sub-unit onto the scintillation properties are discussed as follows.



4.1. Effect of Dimensionality in Organic-Inorganic Hybrid Perovskites


The luminescence properties of the organic-inorganic hybrid compounds are dominated by the structural geometry of the inorganic layer [165]. Reducing the materials dimensionality modulates their optical properties. Recently, several scintillators of the lead-halide based perovskite-type organic-inorganic hybrid perovskites (OIHP) have been developed [166,167,168]. In these scintillators, fast light emission is caused by the excitons. Lead halide perovskite and organic ammonium layers based organic-inorganic hybrid compounds have a structure of alternating (PbX4)2− (X = Cl, Br and, I) and organic ammonium layers. This two-dimensional (2D) system show confinement in the direction to the layers [169]. The binding energy of excitons in a 2D system (quantum well) is four times greater than that in the corresponding 3D system (bulk) [170]. Due to the increasing overlap between electron and hole wave-functions in the 2D system, the oscillator strength increases, and the radiative lifetime decreases [171]. Kawano and coworkers investigated the scintillation property of (C6H5C2H4NH3)2 PbBr (Phe) organic-inorganic layered perovskite compound for γ-ray detection [171]. The compounds have self-organized multiple quantum well structures with alternating organic-inorganic layers [172]. The optical properties under optical and ionization irradiation were regulated by excitonic properties in the inorganic layer. The lifetime of exciton emission Phe was very fast (11 ns) (Figure 11a) along with very high scintillation light yield (14,000 photons per MeV), which was higher than the commercial organic-inorganic hybrid scintillator, such as BC-452. Similarly, Birowosuto et al. [57] compared the scintillation property of 3D MAPbI3 and MAPbBr3 (where MA = CH3NH3) and 2D 2,2′-(ethylenedioxy)bis(ethylammonium) tetrachloroplumbate (EDBE) PbCl4 organic-inorganic hybrid perovskite (Figure 11c,d). The X-ray excited luminescence and photoluminescence spectra of MAPbI3, MAPbBr3, and (EDBE)PbCl4 crystals recorded at RT are shown in Figure 11b. A similar emission profile indicated that the dominant scintillation mechanism was the same upon X-ray and optical irradiation, which is the intrinsic emission of near bandgap excitons. The decay kinetic study found the lifetime of the fastest component in the three compounds were 4.3 ns, 5.2 ns, and 7.9 ns, respectively. Due to charge confinement in 2D crystals within the inorganic layers had the larger exciton binding energy compared to 3D crystal. Under X-ray excitation, the 2D perovskite crystal was far more robust against thermal quenching (~9000 photon/MeV) than the 3D crystal <1000 photon/MeV) [173].



The organic–inorganic hybrid metal halide perovskite has the versatility in their chemical and crystallographic structures, and tunability in their physical properties. By designing proper components of the organic-inorganic halide perovskites, 0D, 1D, 2D, and 3D materials can be realized with different scintillation dynamic owing to change in the exciton binding energy and the oscillator strength. Therefore, the organic–inorganic hybrid crystals have great potential in fast scintillation applications at RT.




4.2. Effect of Organic Moieties on the Scintillation Properties of OIHP


The low dimensional structures of metal halide perovskites are advantageous over bulk counterparts due to their dielectric confinement effect, leading to an increased exciton binding energy and thus the strong luminescence. Particularly, the 2D layered hybrid structure is of great interest due to the organic moiety. The organic component in the OIHP causes various structural disorders that have a direct impact on the exciton decay time and the light yield. The Bohr radius of 1s 2D excitons can be expressed by the equation [165]:


   a 0  2 D   =   2  π 0   ε ⊥   ℏ 2    m  e 2     



(4)




where m is the reduced mass of the excitons, and ε⊥ is the effective dielectric constant of the exciton. The Bohr radius of the excitons decreases with the increase in the reduced mass of the exciton (Equation (4)). The correlation between the Bohr radius of excitons and radiative decay rate (Γ0) of excitons with k = 0 in a quantum well can be expressed by the following equation [174]:


   Γ 0  =     16 |  μ  c v   |   ℏ c ω  a 0 2     2   ω 0 2   



(5)







In Equation (5), μcv is the transition dipole moment, and ℏω is the energy of the excitons. According to this formula, the radiative decay rate increases with the decrease in the Bohr radius of excitons.



Kawano et al. [175] investigated the effect of structural distortion in three single crystals, namely, (C4H9NH2)2PbBr4(C4), (C6H5CH2NH2)2PbBr4 (Ben), and (C6H5C2H4NH2)2PbBr4 (Phe) on the Bohr radius and eventually on the decay rate. The luminescence properties of the hybrid compound can be governed by both structural distortions in the adjoining PbBr62− octahedra and inside the PbBr62− octahedron in the A2PbBr4 inorganic layer (A = organic component). Figure 12a shows the structural geometry between the adjoining PbBr62− octahedron, and Figure 12b shows structural geometry inside the PbBr62− octahedron. In a nutshell, the Pb-Br-Pb bond angle of Ben and Phe is less than C4. The transfer integral between adjoining atoms depends on the overlap integral of the valence band orbitals [176]. Band calculation demonstrated the narrow bandwidth in 2D crystals [177] because of structural distortion, resulting in a large effective mass of electrons and holes, which lead to a large reduced mass of excitons. Further, Phe also exhibits structural distortion inside the PbBr62− octahedron [165]. These structural distortions in the inorganic layer should increase light yields in scintillation since the reduced mass of the excitons increases, and Bohr radius of the excitons decreases by the structural distortion (Equation (5)) [178]. Figure 12c shows the decay profile of the three OIHP single crystals with the different organic moieties (C4, Ben and, Phe). The compounds under X-ray radiation had a lifetime of 1.1 ns (C4), 2.8 ns (Ben), and 9.6 ns (Phe). These results indicate that the scintillation lifetime varied when organic moieties were substituted, in the same order of the distortion in the three crystals (Phe > Ben > C4).



The scintillation properties of organic–inorganic layered compounds can be controlled by varying the types of organic moieties. This is because the geometric structure of the organic layers influences the structures in the inorganic layers, causing a change in the excitonic properties of the inorganic layer.





5. Summary


In this paper, the decay mechanisms of common inorganic scintillators are reviewed, including three major types of cross luminescence emission, excitonic emission, and dopant-based emission. Fluorides generally have larger bandgaps than the chlorides and oxides counterparts, showing higher scintillation yields and, hence, are ideal choices for the fast cross-luminescence process. Halide perovskites, AMX3, are self-activated scintillators exhibiting excitonic emission. The exciton emission wavelength can be easily tuned by exchanging the individual components and thus, offering controls over the scintillation lifetime.



Dopant-activated scintillators are a broad category with several kinds of luminescent centers, and their corresponding decay time is different. Ions with s2 outer shells, such as Tl+, Pb2+, Bi3+ ions in alkali halides and oxide compounds, have faster decay at RT, due to temperature quenching and mixing of singlet and triplet excites states by spin-orbit coupling. Selected RE ions can acts as fast emitting luminescent centers due to their parity, and spin allows optical transitions between 4f–5d states. Pr3+ and Ce3+ ions have decay time in the order of few tens of ns, whereas Eu2+ has decay time in the order of few hundreds of ns due to the lower matrix component. Additionally, the host matrix refractive index affects the decay time of the RE ion. Refractive index has an inverse relation with τ. Increasing the refractive index from fluorides to oxides and sulfides may decrease the average lifetime of the phosphor.



Dimensionality has a direct impact on the excitons binding energy and oscillator strength, due to the quantum confinement effect. Organic–inorganic hybrid compounds combine their facile synthesis of the low-dimensional structures (0D, 1D and 2D) with tunable optical properties. The confined excitons in the inorganic layers of the low-dimensional structures display increased scintillation.
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Figure 1. (a) Schematic of the scintillator mechanism (STE: self-trapped excitons; CB: conduction band; VB: valence band; CL: cross luminescence; after Nikl [15] with permission). (b) Diagram illustrating the coexistence of free exciton (FE), self-trapped exciton (STE) and deep-level defects for fast, intermediate (IM) and slow decay. (c) Excited charge-transfer state (CTS) of an anion complex for fast and slow decay. 
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Figure 2. (a,b) Comparison of emission spectra of NaI(Tl) measured at LN2 temperature and RT. (c,d) Decay time of the NaI(Tl) scintillator at LN2 temperature and at RT. The component lengthens significantly at low temperature. The measurement points above 3000 ns, colored on red, were not included in the fitting (represented by solid red lines) procedure because of a high dispersion. Reproduced from Reference [27] with permission. 
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Figure 3. X-ray emission spectra of BaF2. Reproduced from Reference [34] with open access. 
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Figure 4. (a,b) Radioluminescence spectra of pure and 0.5%, 1%, 2%, and 5% Ce3+ doped LuI3 measured at 80 K and RT; (c,d) long-time scale and short-time scale scintillation decay curves recorded at RT of undoped (i), 0.5% (ii), 1% (iii), 2% (iv), and 5% Ce3+ (v) doped LuI3. Reproduced from Reference [37] with permission. 
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Figure 5. Examples of beta-excited radioluminescence spectra of several alkaline earth halide crystals. Reproduced from Reference [42] with permission. 
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Figure 6. (a) Proposed mechanism of X-ray scintillation in a lead halide perovskite nanocrystal (after Reference [56] with permission); (b) photograph of colloidal dispersions of CsPbX3 NCs with different halide (X = Cl, Br, and I) compositions in hexane under room light (top) and under UV light (bottom), where the PL emission color varies from blue to green to red as the halide composition of the precursors changes from Cl to Br to I; (c) corresponding UV–VIS (dotted line) and PL spectra (solid line) and PLQYs of the samples shown in (b); (d) PL decay dynamics of the NCs shown in (b). Panels (b–d) are reproduced from Reference [59] with permission. 
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Figure 7. (a) X-ray scintillation mechanism in a semiconductor in the presence of a donor impurity; (b,c) X-ray-induced scintillation spectrum and decay time profile of Ga2O3. The inset shows the expended time range to 10 μs to show the slower component. Reproduced from Reference [81] with permission. 
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Figure 8. (a) Configurational coordinate diagram of the ground state and the excited state of Bi3+. (b) Temperature dependence of the fluorescence lifetime and intensity for BGO. Adapted from Reference [128]. 
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Figure 9. Schematic illustration of three luminescence processes characterized by different decay rates. Reproduced from Reference [147] with permission. 
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Figure 10. Predicted decay time as a function of the refractive index of the host compound for different 5d–4f Ce3+ emission wavelengths. Data on various fluoride, chloride, bromide, oxide, and sulfide compounds are shown. Reproduced from [148] with permission. 
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Figure 11. (a) Scintillation decay time profile of Phe and gadolinium orthosilicate (GSO): Ce under X-ray irradiation. Reproduced from Reference [171] with open access; (b) X-ray excited luminescence (light color area) and photoluminescence (dark color area) spectra of (i) MAPbI3, (ii) MAPbBr3, and (iii) (EDBE)PbCl4 recorded at RT. Reproduced from Reference [57] with open access.; (c) Crystal structure representation of MAPbX3 (X = I, Br) 3D perovskites (right), and (EDBE)PbCl4 2D perovskite (left). 
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Figure 12. (a) Structural geometry between the adjoining PbBr62−octahedra and inside PbBr62− octahedra (b). Reproduced from Reference [165] with permission. (c) Scintillation decay profile of C4, ben, and Phe OHIP under X-ray irradiation. Reproduced from Reference [175] with permission. 
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Table 1. A list of different halide inorganic materials and their scintillation characteristics.
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	Composition
	Fastest Decay Component (ns)
	Light Yield

(Photons/MeV)
	Emission Wavelength
	References





	BaF2
	0.6
	9400 ± 600
	220 nm
	[67,68]



	CsF
	2.8
	500
	380 nm
	[69,70]



	PbI2
	<1
	40,000
	520 nn
	[71]



	BaLu2F8
	1.0
	200
	298 nm
	[72]



	BaMgF4
	0.57
	1300
	205 nm
	[73]



	LiBaF3
	0.8
	1200
	300 nm
	[74]



	Cs2LiYCl6
	6600
	6535
	240–460 nm
	[75]



	Cs2ZnCl4
	1.8
	630
	255 nm
	[76]



	Cs2CaCl3
	2.3
	410
	300 nm
	[77]



	NaI:Tl+
	239
	18,800 ± 940
	430 nm
	[27]



	CsI:Tl+
	1050
	40,000–60,000
	550 nm
	[78]



	LuI3:Ce3+
	6–10
	98,000 ± 10,000
	470 nm
	[37]



	LaCl3:Ce3+
	25
	46,000 ± 3000
	352 nm
	[79]



	SrI2:Eu2+
	1200
	90,000
	435 nm
	[13,80]



	CaI2:Eu2+
	790
	-
	470 nm
	[39]



	BaI2:Eu2+
	<1000
	>30,000
	420 nm
	[40]
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Table 2. A list of oxides and their scintillation characteristics.
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	Crystal Scintillator Composition
	Decay Time (ns)
	Light Yield

(Photons/MeV)
	Emission Wavelength
	References





	Ga2O3
	8
	15,000 ± 1500
	380 nm
	[81]



	Y2O3
	34
	93,000
	350 nm
	[82]



	CaWO4
	8000
	4800 ± 200
	420–425 nm
	[83,84]



	CdWO4
	5000
	27,300 ± 2700
	475–480 nm
	[85]



	PbWO4
	2.5–98
	25–35
	490 nm
	[86,87]



	ZnWO4
	24,000
	7170 ± 290
	480 nm
	[88,89]



	Zn3TaO8
	270
	>30,000
	385 nm
	[90]



	ZnO
	<1
	-
	380 nm
	[66]



	YAlO3:Ce3+
	27 ± 2
	>1000
	347 nm
	[91,92]



	Lu3Al5O12:Pr3+
	20–21
	3660 ± 200
	320 nm
	[93,94]



	Bi4Ge3O12
	430
	6900 ± 140
	450 nm
	[95,96]
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Table 3. Scintillation decay time constants of ns2 ion-doped and non-doped Ga2O3. Reproduced from Reference [107] with permission.
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	ns2 Dopants
	τ1 (ns)
	τ2 (ns)
	τ3 (ns)





	Undoped
	8 (98.7%)
	204 (1.3%)
	N/A



	In
	11 (79.0%)
	44 (20.3%)
	977 (0.7%)



	Tl
	20 (77.7%)
	101 (21.6%)
	4338 (0.7%)



	Sn
	21 (89.8%)
	126 (9.9%)
	5203 (0.3%)



	Pb
	16 (75.8%)
	71 (23.3%)
	2694 (0.9%)



	Sb
	11 (88.4%)
	77 (10.1%)
	1923 (1.5%)



	Bi
	15 (74.8%)
	63 (24.5%)
	1066 (0.7%)
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Table 4. Radio-luminescence decay constant and fractional contribution at RT. Reproduced from Reference [127] with permission.
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Crystal Scintillator Composition

	
Decay Time (ns)

	
Fraction (%)






	
SrBiO2Cl

	
50

	
28




	
200

	
38




	
300

	
14




	
BaBiO2Cl

	
100

	
22




	
300

	
41




	
600

	
23




	
BaBiO2Br

	
100

	
21




	
300

	
54




	
700

	
12




	
Bi4Ge3O12

	
100

	
12




	
300

	
79




	
1000

	
4
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