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Abstract 

Perovskites attract attention as efficient light absorbers for solar cells due to their high-power 

conversion efficiency (up to 24%). The high photoelectric conversion efficiency is greatly 

affected by a suitable band structure. Cation substitution can be an effective approach to tune 

the electronic band structure of lead halide perovskites. In this work, superalkali cations were 

introduced to replace the Cs+ cation in the CsPbBr3 material. The bimetallic superalkalis 

(LiMg, NaMg, LiCa, and NaCa) were inserted since they are structurally simple systems and 

have a strong tendency to lose one electron to achieve a closed-shell cation. The cation 

substitution in the lead halide perovskite leads to changes in the shape of both valence and 

conduction bands compared to CsPbBr3. Introducing superalkali cations produces extra 

electronic states close to the Fermi level, which arise from forming alkali earth metal states at 

the top of the valence band. Our first-principles computations reveal that bimetallic superalkali 

substitution decreases the bandgap of perovskite. The bandgaps of MgLi-PbBr3 (of 1.35 eV) 

and MgNa-PbBr3 (of 1.06 eV) are lower than the bandgap of 2.48 eV of CsPbBr3 and within 

the optimal bandgap (i.e., 1.1-1.4 eV) for single-junction solar cells. Thus, the MgLi-PbBr3 and 

MgNa-PbBr3 inorganic perovskites are promising candidates for high-efficiency solar cells. 

Keywords: perovskite, superalkali, electronic band structure, solar cell, bandgap, first-

principles calculations, density functional theory 

 
* Corresponding author. Email address: celina.sikorska@auckland.ac.nz 

mailto:celina.sikorska@auckland.ac.nz


Accepted to J. Chem. Phys. 10.1063/5.0067708

 2 

1. Introduction 

ABX3-type perovskites (where A and B are cations, while X is an anion) have attracted 

attention from researchers because, allied to their low cost and easy solution-based synthesis, 

they are excellent materials for solar photovoltaic applications with the power conversion 

efficiency of up to 24%. 1 Perovskites can be structurally changed to tune their properties. 2 

Recently, superatoms have been introduced into ABX3-type perovskites to develop colourful 

hybrid perovskites. 3 A superatom is a cluster of atoms that acts as a single atom. Its properties 

can be precisely controlled by adding, removing, or substituting a single atom within it. 4 

Superalkalis, a class of superatoms, possess excellent reducibility and can form very stable 

cations. 5-10 Paduani and Rappe 11 introduced Li3O and Li3S superalkalis into CsPbI3 perovskite 

with a cubic crystal structure. Their calculated results showed that (Li3O)PbI3 and (Li3S)PbI3 

perovskites have band gaps (Eg) of 0.36 and 0.41 eV, respectively. The two bandgaps are lower 

than the Eg of 1.73 eV of CsPbI3 perovskite, 12 and even lower than the optimal Eg 1.1–1.4 eV 

for a single-junction solar cell, 13 revealing that both (Li3O)PbI3 and (Li3S)PbI3 inorganic 

perovskites are unsuitable for solar cells. Nevertheless, these results indicating that tailoring 

the bulkier cation leads to a modification of the density of states of the material, and 

consequently provide new candidates for applications in optoelectronic devices. 

 In this contribution, we examine the stability and electronic features of new perovskites 

formed by inserting diatomic yet aprotic superatomic species at the cationic A-sites of CsPbBr3. 

We chose as candidates the bimetallic superalkali moieties LiMg, NaMg, LiCa, and NaCa, 

which we expect to serve as promising options to produce perovskites for photovoltaic 

applications. Our choice of superalkali molecules was dictated primarily by the structural 

simplicity of the systems and their strong tendency to lose one electron to achieve a closed-

shell state. We decided to choose the LiMg, NaMg, LiCa, and NaCa superalkalis since they 

consist of only two atoms and the electron binding energy of their corresponding cationic 

daughters (LiMg+, NaMg+, LiCa+, and NaCa+) are in the range 4.57-4.92 eV. 14 



Accepted to J. Chem. Phys. 10.1063/5.0067708

 3 

Since the optoelectronic properties of perovskites strongly depend on the deformations of 

the BX3 octahedra framework, this contribution is focused on possible crystal structures and 

their associated electronic band energetics. For the studied systems, we investigate electronic 

structures at the band edges that determine the photovoltaic performance of perovskite 

semiconductors. We utilize density functional theory (DFT) computations to find the 

geometrical ground states of A’A”-PbBr3 perovskites (A’A”=LiMg, NaMg, LiCa, NaCa) and 

extract their electronic features. The combination of the Goldschmidt tolerance factor and 

detailed ab initio investigations provides an encouraging pathway for the exploration of new 

inorganic perovskite compounds and general insight into their photophysical features. 

2. Computational methods 

 

The plane-wave density functional theory (DFT) computations were performed by 

employing the GW projector augmented wave (PAW) potentials within the Viena Ab-initio 

Simulation Package (VASP, Rev. 5.4.4) software. 15-18 We applied three exchange–correlation 

functionals, the Perdew–Burke–Ernzerhof (PBE) functional, 19  PBE0 and Heyd-Suseria-

Ernzerhof (HSE06) hybrid functionals. 20 We chose hybrid functionals as best able to describe 

band structures for these perovskites across a range of structural variations, and did not 

consider the relatively minor role of dispersion interactions in modifying structures. However, 

we acknowledge that the accuracy of DFT calculations can be enhanced by using dispersion 

corrections when estimating dispersion effects in perovskite systems. 21-23 

All calculations have been performed spin-polarized and without symmetry constraints. 

Electronic wave functions were expanded to an energy cutoff of 650 eV. A Γ-centred k-point 

grid was constructed via the automatic Monkhorst–Pack scheme. Full structure relaxations 

were performed for all with PBE, PBE0, and HSE06 functionals with a 8×8×8 (8×6×8 for 

orthorhombic phase) k-point mesh. The energy convergence criterion was set to 10-5 eV for 

bulk relaxation computations, whereas the ionic relaxation was stopped when all forces 
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dropped below 0.01 eV. Gaussian smearing with a factor of 0.01 was applied. Band structures 

were sampled along high-symmetry paths in the Brillouin zone. 24 

3. Results 

The LiMg+, NaMg+, LiCa+, and NaCa+ superalkali cations were introduced at the cationic 

A-site, replacing the Cs+ cation in the CsPbBr3 material. The final crystal unit cell geometry 

was obtained by fully relaxing the unit cell. The corresponding geometrical parameters and 

lattice parameters are gathered in Table S1 and Figure S1 (Supporting Information). A volume 

relaxation of the initially cubic parent phase resulted in equilibrium geometries that correspond 

to pseudocubic phases for all cation-substituted perovskites. For the rhombohedral A”A’-PbBr3 

phase (where A’=Li, Na; A”=Mg, Ca), the A’-A” distances decrease from 3.182 (NaMg+) 14 to 

3.165 Å in MgNa-PbBr3 and increase from 2.892 (LiMg+) 14 to 3.016 Å in MgLi-PbBr3, from 

3.240 (LiCa+) 14 to  3.622 Å in CaLi-PbBr3, and from 3.513 (NaCa+) 14 to 3.514 Å in CaNa-

PbBr3. Thus, the structures of bimetallic superalkalis at the cationic A-sites seem to be 

preserved in the equilibrium geometries of A”A’-PbBr3 systems. 

For the perovskite structure, the Goldschmidt tolerance factor (α) is an indicator of the 

stability and distortion of crystal structures. The tolerance factor, α, is a dimensionless number 

and was estimated according to Equation 1: 25 

𝛼 = (𝑟𝐴 + 𝑟𝑋)/[√2(𝑟𝐵 + 𝑟𝑋)]   (1) 

where rA and rB correspond to the ionic radius of the A-cation and B-cation, respectively, 

whereas rX is the radius of the anion. We employed the ionic radii of 1.19 and 1.96 Å for Pb2+ 

and Br− ions, respectively, whereas superalkali molecular ion radii (rA) was quantified as 

follows: 26 

rA=rmass+ rion     (2) 

where rmass is the distance from the centre of mass of the molecule to its furthest element, and 

rion is the Shannon ionic radius of the larger metal cation (i.e., rCa2+(1.06) > rNa+(1.02 Å) > 
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rLi+(0.76 Å) > rMg2+(0.72 Å)). The resulting ionic radii for LiMg+ is 2.21 Å, NaMg+ is 2.61 Å, 

LiCa+ is 2.68 Å, NaCa+ is 2.82 Å. The tolerance factor evaluates whether the A-site cation may 

fit within the cavities in the BX3 framework. The perovskite structure is favoured by the 

following tolerance factors: α = 0.90–1.0 for cubic perovskites, α = 0.80–0.89 for distorted 

perovskites, α <0.80 for other types and α >1.00 for tetragonal structures. 11 The obtained 

tolerance factor reads 0.94 for LiMg-PbBr3, implying that it is a viable substitute for cesium 

and polyatomic cations in stable perovskites. The NaMg-PbBr3, LiCa-PbBr3, and NaCa-PbBr3 

have tolerance factors of 1.03, 1.04, and 1.07, respectively. All these compounds might form 

stable perovskites, similar to the fluoride perovskites, where tolerance factors above 1 result in 

perovskite compounds. 27 

3.1. Structure and stability of superalkali-substituted perovskites 

The ideal perovskite is cubic (space group Pm3m) but most perovskites are in fact distorted. 

The electronic properties and chemical stability of perovskites can be traced back to their 

molecular motifs. We studied the structures and stabilities of various crystal phases of the 

studied compounds where initially a cubic (Pm3m) and orthorhombic (Pnma) primitive-cells 

were used as the starting configuration for the A”A’-PbBr3 perovskites. Several different initial 

geometries have been studied in each case, representing the various possibilities of the 

superalkali orientation at the cationic A-site.  

In general, six different types of phases are utilized when the initially cubic/orthorhombic 

structures are optimized: (i) the tetragonal phase (space group P4mm) with alkali earth metal 

atom in the centre of the lattice (Figure 1a), (ii) the tetragonal phase (space group P4mm) with 

alkali metal atom in the centre of the lattice (Figure 1b); (iii) rhombohedral phase (space group 

R3m) with alkali earth metal atom in the centre of the lattice (Figure 1c), (iv) rhombohedral 

phase (space group R3m) with alkali metal atom in the centre of the lattice (Figure 1d), and 

two orthorhombic phases (space group Pmn21) Figure 1e-f). Tetragonal and remaining phases 
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adopt respectively octahedral and quasi-octahedral localization of the six bromine atoms 

around the lead atom.  

To examine the stability of superalkali-PbBr3 systems, we estimated their total energies per 

atom. As shown in Figure 2, for all phases of magnesium-based systems, lower energy 

structures (MgA’-PbBr3) contain Mg atom located in the centre of the lattice; in other words, 

A’Mg-PbBr3 with an alkali metal located in the centre of the lattice are always less 

energetically favourable. The most stable structures were found to be MgA’-PbBr3 

orthorhombic. The next most stable structures are rhombohedral MgA’-PbBr3 systems. The 

third most stable structures are orthorhombic A’Mg-PbBr3 structures. 

In contrary to the Mg-based superalkali-PbBr3 systems, the calcium-based species do not 

form a stable orthorhombic phase. The NaCa-PbBr3 rhombohedral phase has the lowest total 

energy (of -4.15 eV) among the NaCa-substituted perovskite systems. For the LiCa-substituted 

perovskite, the rhombohedral phase is more energetically favourable than the tetragonal phase, 

and swapping A’ and A” atoms within a given phase does not lead to significant stability 

modification (as shown in Figure 2). In particular, the difference in energy between the CaLi-

PbBr3 and LiCa-PbBr3 for rhombohedral and tetragonal phases reads 0.04 eV and 0.03 eV, 

respectively. The comparable energy of two geometrically stable isomers (i.e., not exceeding 

0.04 eV) indicates that one should expect both isomers (i.e., LiCa- and CaLi-PbBr3) to be 

present in each phase at elevated temperatures.  

3.2. Influence of the theory level on the bandgap values 

Since a low bandgap is essential for a light absorber in solar cells, we decided to verify the 

accuracy of the approaches used to evaluate the bandgap (Eg). We obtained band structures for 

CsPbBr3 and A’A”-PbBr3 systems at three theory levels: PBE, PBE0, and HSE06. As expected, 

the HSE06 functional provides the best results. In particular, the Eg estimated for CsPbBr3 is 

1.78, 3.38, and 2.75 eV for PBE, PBE0, and HSE06, respectively. Since the experimentally 

obtained bandgap for CsPbBr3 is 2.48 eV, 28 the PBE approach leads to a significantly 
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underestimated (by 28%) bandgap value, whereas PBE0 overestimates Eg by 36%. The hybrid 

HSE06 approach gives an Eg that agrees most with the experiment, achieving an error of 11 % 

for CsPbBr3. Hence, we anticipated the hybrid HSE06 approach as sufficient for the description 

of the Eg of superalkali substituted perovskites, in agreement with previous reports on 

perovskite systems. 29 

The Eg values of the superalkali-PbBr3 compounds calculated at the PBE, PBE0, and 

HSE06 levels are provided in Figure 3. Based on our and other's experience, 29 we consider the 

Eg values calculated at HSE06 theory level as the most reliable results, and we limit our 

discussion further to these values. The only issue we want to raise considering this comparison 

is the consistent observation that the Eg are underestimated and overestimated at the PBE and 

PBE0 level of theory, respectively (with respect to HSE06 values). 

3.3. Influence of composition on bandgap 

The band structures of the cation-substituted perovskites are obtained by density functional 

theory with PBE, PBE0, and HSE06 functionals and visualized in Figures 4-10 (the Fermi 

energy, EF, is shifted to zero). Replacing the PBE approach with hybrid functionals does not 

modify the shape of the band structure but significantly corrects the bandgap. There is a very 

large difference in the Eg between PBE and hybrid functional calculations due to the self-

interaction effect. 30 

3.3.1. A”A’-and A’A”-PbBr3 tetragonal phase  

The MgLi-PbBr3 and MgNa-PbBr3 in their tetragonal phases are the semiconductors with 

an indirect band gap (of 1.54 and 1.49 eV, respectively) close to the R point (Figure 6). 

Compared with the bandgap of the CsPbBr3 (2.48 eV 28), the MgLi-PbBr3 and MgNa-PbBr3 

have a considerably lower bandgap. The substitution of Mg by Ca in A”A’-PbBr3 has been 

shown to decrease the bandgap from 1.54 (MgLi-PbBr3) to 0.00 eV (CaLi-PbBr3) and from 

1.49 eV (MgNa-PbBr3) to 0.01 eV (CaNa-PbBr3). The bandgap changes on alkaline earth metal 

substitution are influenced by the electronic states of the metal, that is, from Mg to Ca the 
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valence band composition changes from 3s to 4s with a decrease in electron binding energy 

(lower ionization energy). The substitution of Li by Na does not change the band-structure very 

much because alkali metals are not contributed to the bandgap, as shown in Figure 6.  

The A’A”-PbBr3 tetragonal phases with the alkali metal atom located in the centre of the 

lattice are less energetically favourable than corresponding A”A’-PbBr3 tetragonal structures 

(with alkali earth metal atom located in the centre of the lattice). The computed indirect band 

gap is 0.35 eV and 0.24 for LiMg-PbBr3 and NaMg-PbBr3, respectively. From the Figures 6a-

b, it can be seen that the magnesium atom location significantly influences the band structure. 

Transition from A”A’-PbBr3 to A’A”-PbBr3 leads to formation A’Mg-PbBr3 compounds in 

which magnesium bands are much more dispersive with respect to MgA’-PbBr3. Hence, the 

site of the Mg atom location in the perovskite makes a difference and determines its electronic 

properties. The width of the valence band (WVB) increases with increasing orbital overlap 

interaction (small bond length). Magnesium located in the centre of the plane with four corner 

bromine atoms forms shorter Mg-Br distances compared to magnesium atom located at the 

centre of the lattice. The increased WVB reduces the bandgap and results in a low density of 

states.  In turn, for Ca-based compounds, the transition from A”A’-PbBr3 to A’A”-PbBr3 results 

in minor electronic structure modification. The LiCa-PbBr3 and NaCa-PbBr3 in their tetragonal 

structures have metallic character as the Fermi level is lower than the valence band maximum, 

as shown in the Figure 6. The difference between Mg- and Ca-based compounds is related to 

the electronegativity factor. A large difference in electronegativity (large energy of the atomic 

orbitals difference) promotes smaller band dispersion. In other words, the orbital overlap 

interactions become less effective as the Eg increases. 31  

3.3.2. A”A’-and A’A”-PbBr3 rhombohedral phase  

In the case of the rhombohedral phases, MgLi-PbBr3, MgNa-PbBr3, and LiMg-PbBr3 are 

semiconductors with an indirect band gap (of 1.35, 0.84, and 0.60 eV respectively), whereas in 

the CaLi-PbBr3, CaNa-PbBr3, NaMg-PbBr3, LiCa-PbBr3, and NaCa-PbBr3 the Fermi level cuts 
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across the valence band, revealing a metallic nature. Compared with the Eg of un-substituted 

cubic CsPbBr3 (2.75 eV as calculated at the same theory level), the MgNa-PbBr3 rhombohedral 

phase has the lower bandgap and within the optimal bandgap (i.e., 1.1-1.4) for a single-junction 

solar cells. 13
 

3.3.3. A”A’-and A’A”-PbBr3 orthorhombic phase  

Stable orthorhombic structures were obtained for LiMg and NaMg superalkali substitution, 

whereas Ca-contained species do not preserve perovskite-like structures and are given in Figure 

9. The LiCa-PbBr3 and NaCa-PbBr3 have Goldschmidt tolerance factors (α) of 1.04 and 1.07, 

respectively. Therefore, we assume that the α values above 1 result in the inability of LiCa-

PbBr3 and NaCa-PbBr3 to form orthorhombic phase perovskite compounds. The orthorhombic 

MgLi-PbBr3 and LiMg-PbBr3 systems are semiconductors with direct bandgaps (of 0.52 and 

0.81 eV, respectively) at the gamma point. The orthorhombic MgNa-PbBr3 and NaMg-PbBr3 

phases have indirect bandgaps of 1.06 and 0.32 eV, respectively. 

3.4. Impact of structure on electronic properties 

 Figures 6, 8, 10 show the band structures for tetragonal, rhombohedral, and 

orthorhombic phases of superalkali-PbBr3, respectively, obtained from the HSE06 calculation. 

Disperse bands can be found close to the EF arising from a hybridization of the alkali metal 

atom and bromine orbitals. Disperse bands exemplify strong binding contributions beyond van 

der Waals forces. The tetragonal phase reveal the largest band dispersion, which can be 

attributed to the descending symmetry. In the rhombohedral phase, the bandgap is indirect with 

valence band maximum (VBM) at F and conduction band minimum (CBM) at Z. In the 

tetragonal phase, Eg is indicated to be indirect with the VCB at A and CBM at R. In contrast, 

our computations indicate that the orthorhombic phase has a direct bandgap, with the VBM 

and CBM lying at Brillouin-zone centre Γ. 
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To get a deeper understanding the electronic properties of the cation-substituted CsPbBr3 

perovskite, the total density of states (TDOS) and partial density of states (PDOS) of Br, Pb, 

alkali metal (A’=Li, Na), and alkali earth metal (A”=Mg, Ca) atoms  are plotted in the Figures 

6, 8, 11 and S2-4 of the supporting information. In general, the conduction band mainly consists 

of the Pb p state hybridized with the Br p state and the valence band near the EF has a 

hybridization of the Br-p state and Ca/Mg-s state. The lower valence band is mainly from the 

Br p state hybridized with the Pb s state, and the lowest valence band is composed of the 

bromine p state hybridized with the lead p state. The electronic properties depend on the 

composition and structure of superalkali-PbBr3 compounds. Diverse electronic band structures 

and DOS of superalkali-PbBr3 compounds empathize different atomic state properties. 

The partial DOS of the tetragonal A”A’-PbBr3 phase shown that the electronic states near 

the EF are greatly contributed by alkali earth metal s states and bromine p state. For the Ca-

substituted A”A’-PbBr3/ A’A”-PbBr3, (A’=Li, Na; A”=Ca), the valence band is mainly 

contributed by Br atom and Ca energy states close to the EF, while the conduction band is 

mainly contributed by Ca d and Pb p state. Compared with the PDOS of cesium in CsPbBr3 

perovskite, more states of Ca in the A”A’-PbBr3/ A’A”-PbBr3, (A’=Li, Na; A”=Ca) distributed 

in the lower energy region (in the range of energy 0 to 2 eV),  which implies that the calcium 

can play a role in the electronic behaviour of lead bromide perovskites. 

In the case of rhombohedral and orthorhombic phases, one can distinguish that in the range 

of energy -2 to 0 eV, the major contributions to the total DOS arise from alkali earth metal 

states, whereas in the range -6 to -2 eV these are derived from Br 2p states; see Figures 8, 11, 

S3, and S4. Correlating these DOS results with corresponding band structures, the dominant 

contributions to the valence bands can be identified as arising from alkali earth metal and Br 

2p states. Above EF, the Pb p states are dominant for Mg-constituent systems. In the case of 

rhombohedral systems containing Ca, arises Ca states in the 1-3 eV range. In commonly studied 
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superalkali-PbBr3 compounds, close to the Fermi energy the valence bands are governed by 

alkali earth metal states, whereas above EF the lead p states dominate the lowest conduction 

bands. 

It has therefore been established that the B-site cation and X-site anion determine the band 

gap of ABX3 perovskites, whereas A-site cation has minor effect on the band edges by 

distorting the [BX6] networks due to its highly ionic character. 31 The band-edge electronic 

structure of CsPbBr3 perovskite develops from the orbitals of the Pb and Br sites. In turn, the 

Cs+ cation is not thought to directly affect electronic band structure near the band edges as its 

electronic states lie far from band edges. 31 Based on our calculations, the electronic states of 

the A-site cations can be extended to directly contribute to the frontier orbitals of the lead 

bromide perovskite via a A-site superalkali substitution which provides electronic tunability to 

near-edge electronic configuration. 

3.5. Comparison with the CsPbBr3 perovskite 

To analyze the modification of the band-structure observed when Cs-cation is replaced with 

bimetallic superalkali cations into A’A”-PbBr3 species, knowledge about the band structure of 

the CsPbBr3 perovskite is required. The CsPbBr3 perovskite possesses the valence and 

conduction bands formed by the bromine and lead states, respectively, as shown in Figure 12. 

The caesium states are very deep inside the conduction band (more than 2 eV above the band 

edge with HSE06) and are not expected to play any significant role in the light adsorptions and 

to succeed in electronic processes. The cation-substitution at the A-site, however, leads to the 

appearance of lower-lying states of alkali earth metals in the conduction band (CB). The Pb-

centred states remain the lowest energy states of the CB (in the range of energy 0 to 2 eV above 

the CBM) and, therefore, are not expected to provide new electronic effects relevant for solar 

cells. In turn, Ca-centred states are closer in energy to the CBM (i.e., within less than 2 eV 

from CBM) when compared to Cs-states in CsPbBr3 perovskite. The Ca-centred states are 
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expected to affect electronic and optical properties more than Cs-states, as they might be 

excited during solar absorption and affect the stability of the material as well as transport 

features. 

The introduction of the diatomic superalkalis replacing the Cs atoms in CsPbBr3 leads to 

the formation of a new band in the energy range -2 to 0 eV in all A’A”-PbBr3 species, as 

compared to CsPbBr3. Within 1 eV below the valence band edge, these are ascribed to the 

alkali earth metal s states. The A site atom offers the main contributions for the VBM states of 

superalkali-PbBr3 compounds, which can prevent the degradation of the MX3 basic frame. 

Consequently, the transfer of electrons occurs at A site atoms rather than X site atoms, which 

implies that the latter is not activated under light illumination. 32 Since X site atoms are not 

involved in the VBM states and are not activated under UV light activation, superalkali-MX3 

compounds can be stable under these conditions. 

3.6. The size of superalkali vs. the bandgap of corresponding perovskites 

The quantified (according to Equation 2) ionic radii for LiMg+ is 2.21 Å, NaMg+ is 2.61 Å, 

LiCa+ is 2.68 Å, NaCa+ is 2.82 Å. The corresponding tolerance factor reads 0.94 (MgLi-PbBr3), 

1.03 (NaMg-PbBr3), 1.04 (CaLi-PbBr3), 1.07 (CaNa-PbBr3). All these compounds might form 

stable perovskites. The perovskite structure is, however, distorts to tetragonal, rhombohedral, 

or orthorhombic symmetry. This distortion arises from the modified size of the A ion, which 

causes a tilting of the BX6 octahedra to optimize A-X bonding. 33 Because all considered 

superalkalis cations are significantly less electropositive (electron binding energy in the 4.57-

4.92 eV range 14) than cesium (ionization energy of 3.9 eV 34), the Eg of superalkali-PBBr3 are 

much lower than that of CsPbBr3 (Eg of 2.48 eV 28). Based on our calculations, LiMg+ and 

NaMg+ superalkalis with smaller ionic radii (of 2.21 and 2.61 Å, respectively) form 

semiconductors with a bandgap from 0.25 to 1.54 eV. The superalkalis with larger ionic radii 

(i.e., LiCa+ and NaCa+) create systems with a metallic nature. Hence, bimetallic superalkalis 
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with ionic radii up to 2.6 Å can form stable perovskites with low bandgaps, whereas larger 

superalkalis (i.e., ionic radii approaching 2.7 Å) form metallic systems. 

To further analyze the influence of superalkali size on the electronic properties of the 

resulting superalkali-PbBr3 system, we explore the relations between A’-A” distances and Eg 

values. From Figure 13 it can be seen that the lowest Eg (of 0.24-0.35 eV) correspond to A’Mg-

PbBr3 systems with the A’-A’’ distances within 2.99-3.17 Å. In turn, the highest Eg values (of 

1.35-1.54 eV) have MgA’-PbBr3 systems with very narrow A’-A” distances (of 3.02-3.09 Å). 

The bandgap of 0.8 eV corresponds to a narrow A’-A” distance of 3.12-3.17 Å obtained for 

the orthorhombic LiMg-PbBr3 and rhombohedral MgNa-PbBr3 phases. The orthorhombic 

MgA’-PbBr3 phase has Eg in the 1.06-1.09 eV range while corresponding A’-A” distances 

differ by 0.14 Å. Based on the above observation, we conclude that the bandgap of ABX3 

perovskite might be fine-tuned upon insertion of appropriate chosen superalkali cation at the 

A-site and formation designated type of structure. 

The obtained Eg values strongly depend on the superalkali used and the structure formed. 

Hence, the use of superalkalis such as LiMg and NaMg should be feasible and promising while 

designing the novel perovskites since the desired range of the bandgap might be achieved (by 

the proper choice of the superalkali and the type of the structure). 

4. Conclusions 

We studied superalkali-PbBr3 species using first-principles calculations, and we obtained 

their electronic structures at the HSE06 level of theory. We show that the electronic states of 

the A-site cations can be extended and directly contribute to the frontier orbitals of the lead 

bromide perovskite via A-site superalkali substitution, which provides electronic tunability to 

the band edge electronic configuration. Our results revealed additional electronic states near 

the tail of the valence band. The valence band maximum had contributions mainly from the 

orbitals of alkali earth metal atoms. We demonstrate that insertion of diatomic superatomic 
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species at the cationic A-sites of CsPbBr3 reduces the bandgap of lead halide perovskites. More 

specifically, the use of LiMg and NaMg superalkalis leads to bandgap in the 0.24-1.54 eV 

range. The bandgaps of MgLi-PbBr3 (of 1.35 eV) and MgNa-PbBr3 (od 1.06 eV), are lower 

than the Eg of 2.48 eV of CsPbBr3 and within the optimal Eg for single-junction solar cell. The 

Eg of 1.35 eV makes MgLi-PbBr3 a promising material as a light absorber for solar cell 

applications. It is hoped that this paper will stimulate experimental research of the compound 

MgLi-PbBr3. 

 

Supplementary material 

See supplementary material for the structural and lattice parameters, total and partial density 

of states of the studied perovskites. 
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Figure captions: 

 

 Figure 1 Representative structures of A’A”-PbBr3. The (g) cubic and (i) orthorhombic 

phases of CsPbBr3 and (h) Cs4PbBr6 rhombohedral phases are also provided for comparison. 

Atoms are coloured green (Li), yellow (Na), aquamarine (Cs), orange (Mg), blue (Ca), grey 

(Pb), and brown (Br). 

 Figure 2 The total energy per atom (eV/atom) versus ionic radii (rA, in Å) as obtained from (a) 

PBE and (b) HSE06. Ionic radii were estimated from Equation 2. 

Figure 3 Bandgap (Eg, in eV) values for the cubic phase of CsPbBr3 and (a) tetragonal A”A’-

PbBr3 phase,  (b) tetragonal A’A”-PbBr3 phase, (c) rhombohedral A”A’-PbBr3 phase, and (d) 

rhombohedral A’A”-PbBr3 phase. 

Figure 4 Electronic band structure and DOS for tetragonal phases of (a) A”A’-PbBr3 and (b) 

A’A”-PbBr3 as obtained from PBE. 

Figure 5 Electronic band structure for tetragonal phases of (a) A”A’-PbBr3 and (b) A’A”-

PbBr3 as obtained from PBE0. 

Figure 6 Electronic band structure and DOS for tetragonal phases of (a) A”A’-PbBr3 and (b) 

A’A”-PbBr3 as obtained from HSE06. 

Figure 7 Electronic band structure and DOS for rhombohedral phases of (a) A”A’-PbBr3 and 

(b) A’A”-PbBr3 as obtained from PBE. 

 

Figure 8 Electronic band structure and DOS for rhombohedral phases of (a) A”A’-PbBr3 and 

(b) A’A”-PbBr3 as obtained from HSE06. 

Figure 9 (a-b) Orthorhombic and (c) non-orthorhombic phases of A’A”-PbBr3. Atoms are 

coloured green (Li), yellow (Na), orange (Mg), blue (Ca), grey (Pb), and brown (Br). 

Figure 10 Electronic band structure and DOS for orthorhombic phases of (a) A”A’-PbBr3, (b) 

A’A”-PbBr3, and (c) non-orthorhombic as obtained from PBE. 

 

Figure 11 DOS for orthorhombic phases of (a) A”A’-PbBr3 and (b) A’A”-PbBr3 as obtained 

from HSE06. 

Figure 12 Electronic band structure and DOS for cubic phases of CsPbBr3 obtained from (a) 

PBE, (b) PBE0, and (c) HSE06. 

Figure 13 HSE06 bandgap (Eg, in eV) values versus A’-A” distances (r1, in Å) in superalkali-

PBBr3 systems. Squares, diamonds, and triangles represent tetragonal, rhombohedral, and 

orthorhombic phases, respectively. Shape fill represents atom located in the centre of the lattice 

while shape outline corresponds to counterpart atom of A’A” superalkali. A-site atoms are 

coloured green (Li), yellow (Na), and orange (Mg). 
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