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Bulk semiconductors and insulators typically have continuous valence and conduction 

bands. Here, we show that valence and conduction bands of a multinary semiconductor or 

insulator can be split to narrow discrete bands separated by large energy gaps. This 

unique electronic structure is demonstrated by first-principles calculations in several 

quaternary elpasolite compounds, i.e., Cs2NaInBr6, Cs2NaBiCl6, and Tl2NaBiCl6. The 

narrow discrete band structure in these quaternary elpasolites is due to the large 

electronegativity difference among cations and the large nearest-neighbor distances in 

cation sublattices. We further use Cs2NaInBr6 as an example to show that the narrow 

bands can stabilize self-trapped and dopant-bound excitons (in which both the electron 

and the hole are strongly localized in static positions on adjacent sites) and promote 

strong exciton emission at room temperature. The discrete band structure should further 
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suppress thermalization of hot carriers and may lead to enhanced impact ionization, 

which is usually considered inefficient in bulk semiconductors and insulators. These 

characteristics can enable efficient room-temperature light emission in low-gap 

scintillators and may overcome the light-yield bottleneck in current scintillator research.  

PACS: 71.35.Aa, 71.38.Ht, 71.55.-i 
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I. Discrete electronic bands in semiconductors and insulators 

A. Introduction 

Bulk semiconductors and insulators typically have continuous valence and 

conduction bands as schematically shown in Figure 1(a). Discrete energy levels and 

bands have been sought after for various applications. For instance, discrete energy levels 

existing in semiconductor nanocrystals, or quantum dots (QDs) [see Figure 1(b)] have 

been proposed as a way to suppress hot carrier thermalization and to enhance carrier 

multiplication in QD solar cells.1, 2, 3 Impurity bands in the band gap [see Figure 1(c)] 

have been introduced for intermediate-band solar cells4, 5, 6, 7 and for efficient visible light 

absorption and photocatalysis.8, 9, 10 In this paper, we show in Sec. I that narrow discrete 

energy bands, which result from the splitting of the conduction and valence bands, can 

form in bulk semiconductors [see Figure 1(d)]; in Sec. II, we further discuss why 

scintillator materials can benefit from such electronic structure, leading to improved light 

yield and energy resolution. 

In a semiconductor, core electronic states have little dispersion in the band 

structure. On the other hand, the valence electrons of neighboring atoms have significant 

interaction; therefore, their states form wide energy bands. The width of the energy band 

should increase with hybridization strength between atomic orbitals, which depends on 

the spatial and energy separations between these orbitals.  

In a multinary compound semiconductor, the electronic states of different cations 

(anions) mix to form conduction (valence) bands. The lower part of the conduction 

(valence) band is made up of the electronic states derived from more electronegative 

cations (anions) while the higher part of the conduction (valence) band is made up of 
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those from less electronegative cations (anions). In principle, the conduction or valence 

band can even be split (as schematically shown in Fig. 1(d)) if there is a large 

electronegativity difference between different types of cations or anions. Also, in a 

compound with multiple types of cations (anions), the nearest-neighbor distance in a 

cation (anion) sublattice can be much longer than that in a binary compound.  This should 

lead to narrower electronic bands, further increasing the energy gaps between the 

separated conduction or valence bands. Therefore, we suggest that a combination of large 

electronegativity difference between different cations (anions) and large nearest-neighbor 

distances in cation (anion) sublattices in a multinary compound may lead to the splitting 

of the conduction (valence) band, resulting in several narrow discrete electronic bands 

separated by large energy gaps. This can be used as a materials selection guide for 

finding narrow discrete energy bands in bulk semiconductors. 

 

FIGURE 1. Schematic figures of density of states for (a) a typical bulk compound 
semiconductor; (b) a semiconductor nanocrystal; (c) an impurity band in a 
semiconductor; and (d) discrete energy bands in a multinary compound semiconductor. 
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The narrow discrete band structure can be realized in elpasolites, which have 

properties consistent with the above materials selection guide. Elpasolites are a large 

family of quaternary halides, A2BB’X6, where A and B are monovalent cations, B’ is an 

trivalent cation, and X is a halogen anion (see Fig. 2).11 Many elpasolites have cubic 

double-perovskite structure. BX6 and B’X6 form corner-shared octahedral network, in 

which B and B’ are ordered in rocksalt symmetry.  Previous studies on Cs2LiYCl6 and 

Cs2AgYCl6 elpasolites12, 13 show that the conduction band of an elpasolite compound can 

be split. Taking Cs2LiYCl6 as an example, the electronegativity of Y (1.22) is much 

higher than those of Cs (0.79) and Li (0.98) and the nearest-neighbor Y-Y distance is 

long at 7.4 Å. Consequently, the Y-3d states form a narrow conduction band, split 

slightly from the higher-energy Cs and Li bands.12 In this paper, we show that chemical 

substitutions can be used to manipulate the electronegativities of the constituent elements 

in elpasolites and demonstrate cases that allow further control and tuning of the energy 

splitting of both conduction and valence bands, leading to much smaller band gaps and 

much larger energy splitting than those in Cs2LiYCl6. 

 

Figure 2. Structure of an elpasolite (A2BB’X6) compound. 
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B. Results: Electronic structure of Cs2NaInBr6, Cs2NaBiCl6, and Tl2NaBiCl6 

 Figure 3 shows the band structure and density of states (DOS) of Cs2NaInBr6, 

calculated using hybrid functionals (PBE0),14 which have a 25% Hartree-Fock exchange, 

within density functional theory (DFT).15 The PBE0 band gap of Cs2LiYCl6 has 

previously been shown to be in good agreement with the experimental value.12 

Cs2NaInBr6 has a cubic structure with a lattice constant of 11.103 Å16 and a direct band 

gap at the Г point as shown in Fig. 3(a). The PBE0 band gap of Cs2NaInBr6 is 3.84 eV.   

 

FIGURE 3. (a) Band structure and (b) projected density of states (DOS) of Cs2NaInBr6 
calculated using PBE0 functionals. The main In-related bands are labeled in (b) 
according to the orbital character of In states (5s or 5p) and the bonding character 
[bonding or antibonding (antibonding states are labeled with an asterisk)]. See text for 
details. 
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The DOS of Cs2NaInBr6 shows that the conduction and valence bands are both 

split due to the large electronegativity difference between In (1.78) and Cs/Na 

(0.79/0.93). The conduction band is split with a giant energy gap. The lower conduction 

band is a narrow band of only 1.4 eV in width. It is made up of In-5s states hybridized 

with Br-4p states. The higher conduction band is a wider band with In-5p and Cs/Na 

states. The In-5s derived conduction band is separated from the Br-4p-derived valence 

band and the In-5p and Cs/Na dominated higher conduction band by large energy gaps, 

appearing almost like an isolated impurity band. The narrowness of the In-5s-derived 

conduction band should be due to the long In-In nearest-neighbor distance (7.85 Å) and 

the resulting weak In-In hybridization. The valence band of Cs2NaInBr6 is also split. The 

narrow bands around -5 eV and -3 eV in Fig. 3(b) are mainly made up of Br-4p states 

hybridized with In-5s and In-5p states, respectively. The higher valence band is only 

about 2 eV in width.  

Figure 4 shows the band structure and DOS of Cs2NaBiCl6, another example of 

discrete bands in elpasolites. Bi has a high electronegativity of 2.02. Cs2NaBiCl6 has a 

cubic structure, a lattice constant of 10.839 Å,17 and an indirect band gap of 4.64 eV 

calculated using PBE0 functionals. The valence band maximum (VBM) and the 

conduction band minimum (CBM) are located at the W point and the Г point, 

respectively. The conduction band is split to lower Bi-6p derived bands and higher Cs/Na 

dominated bands. The Bi-6p bands are further split by the strong spin-orbit coupling, 

giving rise to two Bi-6p peaks in DOS (see Fig. 4(b)). The lower Bi-6p band is an 

extremely narrow band with a band width of only 0.36 eV. Similar to the conduction 

band, the valence band is also split. The two Bi-6p-related narrow bands (hybridized with 
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Cl 3p states) are located around -3 eV and -3.5 eV respectively (Fig. 4). The top of the 

valence band has a strong Bi-6s character due to the hybridization between the occupied 

Bi-6s states (about 9 eV below the VBM) and the Cl 3p states.  

 

FIGURE 4. (a) Band structure and (b) projected density of states (DOS) of Cs2NaBiCl6 
calculated using PBE0 functionals. The main Bi-related bands are labeled in (b) 
according to the orbital character of Bi states (6s or 6p) and the bonding character 
[bonding or antibonding (antibonding states are labeled with an asterisk)]. See text for 
details. The antibonding Bi-6s* states are shown to be near the VBM while the bonding 
Bi-6s states form a narrow band nearly 9 eV below the VBM (not shown). Spin-orbit 
coupling is included in the calculations.  
 

One can also manipulate the electronegativity of the A site ion in elpasolites 

(A2BB’X6) as shown in Fig. 5 for Tl2NaBiCl6, which has a pseudocubic structure and a 
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lattice constant of 10.60 Å.18 Here, the conduction band is split due to the energy 

separation of the 6p states of Tl and Bi from the Na states. The Tl and Bi 6p bands are 

further split by spin-orbit coupling. The valence band is also split with Tl and Bi 6p 

related bands (hybridized with the Cl 3p states) located between -3 eV and -5 eV in Fig. 

5(b).  

 

FIGURE 5. (a) Band structure and (b) projected density of states (DOS) of Tl2NaBiCl6 
calculated using PBE0 functionals. The main Tl- and Bi-related bands are labeled in (b) 
according to the orbital character of Tl and Bi states (6s or 6p) and the bonding character 
[bonding or antibonding (antibonding states are labeled with an asterisk)]. See text for 
details. The antibonding Bi-6s* states are shown to be near the VBM while the bonding 
Bi-6s states form a narrow band nearly 9 eV below the VBM (not shown). The Tl-6s* 
antibonding states and the Tl-6p bonding states are resonant in the valence band, around 
1 – 2 eV below the VBM. Spin-orbit coupling is included in the calculations. 
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The electronic structure calculations for Cs2NaInBr6, Cs2NaBiCl6, and Tl2NaBiCl6 

demonstrate that the narrow discrete energy bands can be realized in bulk multinary 

compounds. Next we show how such unique electronic structure can be extremely useful 

for a scintillator. 

 

II. Low-band-gap scintillators with discrete electronic bands 

A. Introduction 

A scintillator can emit photons upon exposure to high-energy x-rays or gamma-

rays and therefore is widely used for radiation detection.19 The light yield is one of the 

most important measures of scintillator performance. A higher light yield can potentially 

lead to better energy resolution of a scintillator.19 The light yield, which is typically 

measured in terms of the number of photons per MeV of radiation energy, is given by 

                                      6= 10  photons/MeV
g

SQL
Eβ

× ,                                        (1) 

where Eg is the band gap expressed in eV, Q is the quantum efficiency of the activator, S 

is the energy transfer efficiency to luminescent centers or activators, which are typically 

found in scintillators. Some scintillators are self-activated. For example, electrons and 

holes can form excitons bound to native atoms (such as Ce3+ in CeBr3) or induce 

structural distortion to form self-trapped excitons (STEs) followed by radiative 

recombination. In these cases, S in Eq. 1 can be redefined to be the probability of an 

electron and a hole to form a bound exciton or a STE and Q is the quantum efficiency of 

an exciton. βEg is the energy needed to create an electron-hole pair. β reflects the fact that 

only a fraction of the radiation energy is used to excite electron-hole pairs. The rest is lost 
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to phonons. β is typically higher in covalent materials (3 to 4) than in ionic materials (1.5 

to 2.0) due to the more efficient energy transfer to phonons in covalent materials.19  

For several high-light-yield scintillators, such as SrI2, their light yields are already 

close to their theoretical limits. For example, a light yield of 120000 photons/MeV has 

been reported for SrI2.20 If one takes the ideal conditions, i.e., SQ = 1 and β = 1.5 in Eq. 

1, and uses the 5.2-eV band gap calculated using the GW method,21 one gets ~128000 

photons/MeV, only slightly higher than the highest reported light yield of SrI2. Therefore, 

to further increase the light yield, one has to look for materials with smaller band gaps.  

 Scintillators are usually insulators with large band gaps. The use of lower-gap 

materials as scintillators have several challenges, e.g., (1) the band gap is too small to 

accommodate activator levels, which are needed to trap both electrons and holes;22 (2) β 

in Eq. 1 tends to increase with decreasing band gap.19 These two problems have largely 

prevented the practical use of many semiconductors as scintillators. For example, ZnO 

and PbI2 (which have small band gaps of 3.4 eV and 2.5 eV,23 respectively) are fast 

scintillators but suffer from thermal quenching and low light yield at room temperature.24 

The leading scintillator materials, such as NaI:Tl+, LaBr3:Ce3+, and SrI2:Eu2+, all have 

band gaps larger than 5 eV. In this paper, we show that the narrow discrete energy bands 

of some low-gap elpasolites can resolve the above two problems and potentially lead to 

higher light yield. 

 For efficient luminescence at room temperature, activators are often used in 

inorganic scintillators and phosphors to trap electrons and holes deep enough to avoid 

thermal quenching. Some activators insert two levels in the host band gap, e.g., 4f and 5d 

levels of rare-earth ions (e.g., Ce3+ and Eu2+)12, 25, 26, 27  and np and ns levels of ns2 ions 
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(e.g., Tl+)28, 29, 30, 31, each of which traps one type of carrier, either an electron or a hole. 

Some other activators insert one level that traps one type of carrier while relying on the 

self-trapping of the other type of carrier. For example, Tl+ in CsI traps electrons on its 6p 

level while the hole self-traps as a Vk center, which migrates to bind with Tl0 to form a 

Tl-bound exciton before radiative recombination.31 As the band gap shrinks, it becomes 

increasingly difficult for the above two type of activators to facilitate radiative 

recombination of carriers, because (1) a small band gap is difficult to accommodate two 

activator levels; and (2) a low-gap material is usually more covalent and thus makes 

carrier self-trapping energetically unfavorable. 

 Many elpasolites ( 3
2 6A B B' X+ + + − ) can be activated by Ce3+, which is isovalent to 

the B’3+ ion. We have previously studied Ce3+ activated elpasolites with the goal of 

finding elpasolites whose band gaps are small enough to allow high light yield but still 

large enough to accommodate the Ce 4f and 5d levels.12,13 However, the need to 

accommodate both Ce 4f and 5d levels in the band gap limits how small the band gap can 

be and consequently caps the light yield.  

Excitons in semiconductors can emit photons. However, the exciton binding 

energies are usually too small to stabilize excitons at room temperature. In halides, the 

small hole polaron, or Vk center, is usually quite stable due to the small valence band 

dispersion. However, the conduction band in many halides, such as alkali halides, is 

much more dispersive.31 Therefore, the delocalized electron is only loosely bound to the 

localized small hole polaron in alkali halides, forming a STE, whose emission is observed 

at low temperatures but quenched at room temperature.32 The light yields of undoped NaI 

and CsI are very high at liquid nitrogen temperature (>80000 phtons/MeV for NaI and 
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>100000 phtons/MeV for CsI) but are quenched at room temperature.33, 34, 35 Elpasolites 

have much narrower conduction bands12,13 than alkali halides, leading to enhanced 

electron localization near a small hole polaron and hence more stable STEs. Below we 

use Cs2NaInBr6 as an example to show that scintillation in low-gap elpasolites is possible 

without Ce doping. 

 

B. Computational methods  
 
The binding energies of polarons and self-trapped and dopant-bound excitons in 

Cs2NaInBr6 were calculated using PBE0 functionals following Ref. 12. A charge 

transition level ( )'q qε  of a self-trapped carrier or exciton is given by 

( ) , ' ,'
'

D q D qE E
q q

q q
ε

−
=

−
,                                                 (2) 

where ,D qE  ( , 'D qE ) is the total energy of the supercell that contains the relaxed structure 

of a defect at charge state q (q’).  

The binding energies of hole and electron polarons (or the energies of hole and 

electron polarons relative to those of a free hole and a free electron) are 

( ) 00hole pol hole pol v hole pol vB E Eε ε ε− − −Δ = + − = − −  and 

( ) 00el pol c el pol c el polB E Eε ε ε− − −Δ = − − = − + , respectively. Here, Vε  and cε  are the 

energies of the VBM and CBM, respectively. ( / 0)hole polε − +  and (0 / )el polε − −  are the 

transition levels for the hole and the electron polarons, respectively. 0E  is the energy of 

the neutral defect-free supercell and hole polE −  and el polE −  are the energies of the supercells 
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that contain relaxed hole and electron polarons, respectively. Here, a positive binding 

energy corresponds to stable binding.  

The binding energy of a STE relative to an electron and a hole polarons is given 

by STE STE 0 hole pol el polB E E E E− −Δ = + − − , where STEE  is the energy of the supercell that 

contains a relaxed STE. The relaxed STE structure was obtained by adding an electron to 

the supercell that contains a small hole polaron followed by structural optimization in a 

triplet spin configuration (a triplet STE). The electron and the hole in the STE studied in 

this work are both trapped by deep levels in the band gap and are spatially highly 

localized. There are significant structural distortions associated with the hole and electron 

localization. The calculated total energy of a relaxed STE includes the Coulomb 

interaction between the electron and the hole and the structural relaxation energy. The 

sum of STEBΔ , hole polB −Δ , and el polB −Δ  gives the binding energy of a STE relative to a free 

electron and a free hole.  

If the (0 / )el polε − − > cε  ( el polB −Δ < 0), the electron polaron is metastable (less 

stable than a free electron). In this case, the stability of a STE is determined by the 

binding energy between a hole polaron and a free electron, which is given by either 

STEBΔ + el polB −Δ  or ( )/ 0*cε ε− + . [ ( )/ 0*ε +  is the charge transition level between a 

hole polaron and a neutral STE.] The two approaches are equivalent and give the 

identical results.  

The energies of trapping a hole at a dopant and the subsequent trapping of an 

electron at the dopant-induced localized hole center can be calculated in similar ways as 

described above for a STE.  
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A 40-atom cubic supercell and 2×2×2 k-mesh for Brillouin zone integration were 

used for the above calculations. Image charge and potential alignment corrections were 

performed wherever appropriate.36 Due to the narrow conduction and valence bands and 

the resulting strong charge localization, the binding energies of polarons and self-trapped 

and dopant-bound excitons can be calculated using a relatively small 40-atom supercell 

with reasonable accuracy. Previous calculations on Cs2LiYCl6 showed that the hole 

polaron binding energy is increased by 0.07 eV by increasing the supercell size to contain 

80 atoms.12 Using larger cells allows better structural relaxation of structurally distorted 

self-trapped carriers and excitons and thus should lead to larger binding energies.  

 

C. Results: Polarons and self-trapped and iodine-bound excitons in Cs2NaInBr6 

Cs2NaInBr6 has a relatively small band gap. The PBE0 band gap of Cs2NaInBr6 is 

3.84 eV, much smaller than those of rare-earth elpasolites, e.g., the calculated band gaps 

of Cs2LiYCl6, Cs2NaLaBr6, and Cs2NaYBr6 are 7.08 eV, 6.31 eV, and 6.25 eV, 

respectively.12, 37  The smaller band gap of Cs2NaInBr6 compared to those of rare-earth 

elpasolites is largely due to the much more electronegative In and consequently lower 

conduction band. Our calculations show that the low CBM in Cs2NaInBr6 cannot 

accommodate the Ce 5d levels within the band gap; therefore, Cs2NaInBr6 cannot be 

activated by Ce3+. However, the very narrow conduction and valence bands of 

Cs2NaInBr6 (as shown in Fig. 3) may stabilize STEs even at room temperature because 

narrow bands enhance charge localization.38   

A free hole in Cs2NaInBr6 self-traps to form a small hole polaron by moving two 

Br ions close to each other (the calculated Br-Br distance is 2.85 Å), as shown in Fig. 
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6(a). This is a typical Vk center found in many halides. The small hole polaron binding 

energy is calculated to be 0.36 eV (see Fig. 7), which is large enough to make a hole 

polaron stable at room temperature. We also found that an electron can be localized 

around an In ion, forming a small electron polaron. The electron self-trapping or self-

localization at an In ion increases the six surrounding In-Br bond lengths from 2.67 Å to 

2.81 Å. The single-particle level that traps the electron is a deep level at Ec – 0.87 eV. 

The calculated (0/-) thermodynamic transition level for an electron polaron is 0.2 eV 

above the CBM, indicating that the electron polaron is metastable.  

Although a self-localized electron is less stable than a free electron by 0.2 eV, 

strong electron localization is energetically favored near a small hole polaron. Our 

calculations show that a small hole polaron can trap an electron with a substantial binding 

energy of 0.3 eV (Fig. 7), resulting in a STE that is stable at room temperature. The total 

binding energy of a STE relative to a free electron and a free hole is calculated to be 0.67 

eV. In a STE, the electron and the hole are trapped by two deep single-particle levels, i.e., 

Ec – 1.09 eV and Ev + 2.28 eV, respectively, inside the band gap. The single-particle level 

that traps the electron (Ec – 1.09 eV) is derived from the In-5s orbitals and is localized at 

the In ion adjacent to the small hole polaron. The charge density contours of the electron 

and the hole states in the STE are shown in Fig. 6. It can be seen that both the electron 

and the hole are highly localized in the STE, consistent with their deep single-particle 

levels. The deep electron trapping in the STE is accompanied by the local structural 

distortion, i.e., the In-Br1 and In-Br2 bond lengths in Fig. 6 increases from 2.81 Å (in a 

small hole polaron) to 2.99 Å (in a STE) upon the electron trapping. 
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Figure 6. Isosurfaces of partial charge densities of (a) the localized hole state and (b) the 
localized electron state in a STE. In the STE, the hole is localized at the Br1 and Br2 ions 
and the electron is localized at the In ion adjacent to both Br1 and Br2 ions. The charge 
densities of the isosurfaces in (a) and (b) are 0.006 and -0.006 e/bohr3, respectively. 

 

The STE emission energy is calculated to be 1.39 eV, which is the total energy 

difference between the STE and the ground state both at the STE structure. The large 

calculated STE binding energy suggests that STE emission in Cs2NaInBr6 should be 

strong even at room temperature. The room temperature STE emission in both undoped 

and Ce doped Cs2LiYCl6 has indeed been reported.39, 40 Note that the calculated band gap 

of Cs2NaInBr6 (3.84 eV) is much smaller than that of Cs2LiYCl6 (7.08 eV). The large 
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STE binding energy in such a low-gap material as Cs2NaInBr6 is caused by the narrow 

discrete conduction band that promotes the electron localization.  

 

FIGURE 7. The hole and electron trapping levels at a STE and at an IBr in Cs2NaInBr6: 
the hole self-trapping level ( ( / 0)ε + = vε  + 0.36 eV) and the hole trapping level at IBr 

( ( / 0)ε + = vε  + 0.20 eV); the electron trapping level at a small hole polaron 
( ( / 0 )ε ∗+ = cε  - 0.30 eV) and at an BrI+ ( ( / 0 )ε ∗+ = cε  - 0.49 eV).  
 

Since a free electron can be strongly bound to a small hole polaron, it should also 

be bound to other localized hole centers. One can introduce a dopant to facilitate the 

formation of an acceptor-like bound exciton. For example, iodine can be doped into 

Cs2NaInBr6 to trap holes. The PBE0 calculations show that I on a Br site (IBr) introduces 

a fully occupied single-particle level of 0.22 eV above the VBM. The I level is isolated 

from the Br dominated valence band because of the narrowness of the valence band. A 

hole can be trapped at the I level with a binding energy of 0.20 eV (Fig. 7). A free 

electron can further bind with BrI+  and become localized with a binding energy of 0.49 eV 

(Fig. 7). The trapping of a free hole and a free electron at IBr forms an IBr-bound exciton 

and lowers the total energy by 0.69 eV. The structural distortion at an IBr-bound exciton 

is significantly less than that at a STE (which involves large displacement of two Br ions 

to form a charged 2Br− molecule), leading to a larger exciton emission energy, which is 
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calculated to be 2.53 eV (490 nm). This is compared to 1.39 eV (893 nm) calculated for a 

STE. The 490 nm emission wavelength is close to that of CsI:Tl (530 nm).41 The 

emission band width of the IBr-bound excitons is expected to be narrower than that of the 

STEs due to less phonon involvement. The scintillation decay time for IBr-bound excitons 

may be shorter than that for STEs since the stronger spin-orbit coupling due to the heavy 

iodine ions mixes the spin-triplet and -singlet states and thus promotes fast light emission. 

 

D. Discussion 

The stability of self-trapped and dopant-bound excitons and the emission 

wavelength can be tuned by alloying (e.g., Cs2NaInBr6-xClx). For example, increasing the 

Cl concentration in Cs2NaInBr6-xClx should increase the ionicity of the material and 

enhance charge localization, leading to more stable excitons. Also, the band gap should 

increase with the Cl concentration, thereby, shortening the exciton emission wavelength 

and reducing the number of excitons created by radiation. Thus, alloying may be used for 

reducing thermal quenching of exciton emission and for tuning the exciton emission 

wavelength to better couple with the sensitivity of the photodetector. However, light yield 

may be reduced if the band gap is increased by alloying. 

 The narrow discrete conduction and valence bands not only promote exciton-

based luminescence at room temperature, but also create phonon bottlenecks (electronic 

energy gaps much larger than phonon energies), which prevent efficient transfer of 

energy from hot carriers to phonons.42, 43, 44 If hot carrier thermalization is slowed, other 

competing processes, such as impact ionization (which is usually considered inefficient in 

bulk semiconductors due to fast carrier thermalization in continuous energy bands), may 
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take place more efficiently. Taking Cs2NaInBr6 as an example, a hole in the narrow band 

that is more than 4 eV below the VBM [see Fig. 3(a)] can relax to the VBM. The released 

energy can be transferred to an electron in the valence band, promoting it to the 

conduction band (which requires energy more than the band gap energy of 3.84 eV). The 

energy and momentum conservation can be satisfied in this process. The reduced hot 

carrier thermalization and the enhanced impact ionization should lower β in Eq. 1, 

leading to higher light yield.  

In Cs2NaInBr6, the lower conduction band is derived from In-5s states and the 

higher conduction band has a significant In-5p component (see Fig. 3(b)). This may lead 

to In 5p 5s emission (inter-conduction-band luminescence). Such hot carrier 

luminescence can also contribute to the total light yield.  

 

III. Conclusions 

First-principles calculations show that the conduction and valence bands of a 

multinary semiconductor/insulator can be split to narrow discrete bands by a combination 

of large electronegativity difference among cations or anions and large nearest-neighbor 

distances in cation or anion sublattices. This concept is demonstrated by first principles 

calculations of several quaternary elpasolite compounds, i.e., Cs2NaInBr6, Cs2NaBiCl6, 

and Tl2NaBiCl6. Based on calculated polaron and exciton binding energies for 

Cs2NaInBr6, we find that the narrow conduction and valence bands promote the self-

trapping of electrons and holes, which enhances the stabilization of self-trapped and 

dopant-bound excitons at room temperature. Both the electron and the hole in a STE or a 

iodine-bound exciton in Cs2NaInBr6 are found to be strongly localized on adjacent sites. 
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The exceptional stability of excitons provides an approach to activate exciton-based 

room-temperature light emission for low-gap scintillator materials. Furthermore, discrete 

bands with large energy separations (large phonon bottlenecks) in a scintillator should 

further suppress the hot carrier thermalization and may lead to more efficient impact 

ionization and higher light yield. A higher light yield can potentially improve the energy 

resolution of a scintillator. Finally, it should be pointed out that the narrow discrete band 

structures are not restricted to elpasolite compounds and should exist in many other 

multinary compound semiconductors and insulators. 
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