Cesium-Magnesium based cubic halide perovskites CsMgX3 (X = Cl,Br) with engrossing thermoelectric and optical properties suitable for energy conversion and solar cell based applications : A DFT speculation
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Abstract
We have performed a study on two cubic structured halide perovskites, CsMgX3 (X = Cl, Br) using ab-initio simulations in the outline of density functional theory. In this context, we extensively explored their structural, electronic, thermoelectric and optical properties. The cubic phases of these compounds were optimized and were found to be stable and energetically feasible. Their band structures implied that they are indirect wide gap semiconductors with band gaps of 6.35 and 4.26 eV for CsMgCl3 and CsMgBr3 respectively. Further, their thermoelectric properties comprised of high Seebeck coefficient and electrical conductivities with p-type as the majority charge carriers. Also their high figure of merit (ZT) of values 0.69 and 0.75 at room temperature, showed their efficient thermoelectric response along with the potential to be used for power generation and energy conversion applications. The wide band gaps and their optical behavior consisting of zero absorption, electron energy loss and negligible reflectance in visible region signified a important possibility to use these compounds as hole transport materials (HTM) in the solar cells, which can augment the efficiency of solar cell to a huge level. Moreover, the other calculated optical properties showed contrasting behavior in varying ranges of the electromagnetic spectrum. Thus, we speculate that the studied halide perovskites can emerge as very useful materials for thermoelectric energy conversion and solar cell applications. 
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1.0 Introduction
The quest of research on materials and compounds related to photovoltaics and energy conversion applications has tremendously increased in recent times because of intense climatic changes and adverse effects on the nature. In this view, there are some organic and inorganic halide perovskite compounds that have shown excellent potential as photovoltaic materials, applications in solar cells, high power conversion efficiency, high carrier mobility, etc [1-8]. As a whole, they have been identified to have splendid electronic, optoelectronic and thermoelectric transport applications [9-12]. One of a foremost organic-inorganic hybrid halide perovskite CH3NH3PbI3 has been a major attraction for researchers due to its large absorption, high mobility and other effective thermoelectric and optoelectronic properties [11, 13-16]. But there also has been some limitations observed such as the lead enhances toxicity which is not desirable for environmental concern [17]. Also, the organic part is noticed to get decomposed which releases harmful compounds [18]. So, in order to obtain lead free perovskite compounds, the Pb atom was replaced by other metal atoms (like Sn or Ge) of similar oxidation states and certain pure inorganic and hybrid organic-inorganic compounds were developed [19-21]. But, these replacements showed that lead free compounds are somewhat less efficient for energy conversion and low figure of merit (ZT, which indicates the efficacy of a thermoelectric material) [22-24], thus generating an urge to perform a study on other perovskite halides.
Since the organic part of hybrid perovskites decomposes at high temperature [18], the pure inorganic halide perovskite compounds have been broadly studied. These studies have been done for compounds of different structural configuration, investigating their properties majorly based on computational approach. Their structure is generally represented as ABX3, where A and B are generally metals from main group elements and X are halides (Cl, Br, I atoms). Some examples of such lead-free halide perovskites are CsGeX3, CsSnX3, TlGeX3, TlSnI3, CsMgBr3, etc [25-29]. Similar to such compounds, we have studied extensively on the cubic structured Cesium-Magnesium based non-hazardous inorganic perovskite compounds which are, CsMgX3 (X= Cl, Br). We have excluded CsMgI3 because Ray et al found that its cubic structure is not energetically feasible due to its positive formation energy [10]. There are several experimental synthesis and structural inspection been conducted on CsMgX3 compounds which crystallized in hexagonal structured lattice and were non-perovskite compounds [30-32]. But to our knowledge, there is very scarce and limited study performed on the perovskite CsMgX3 compounds. It is evident from the previous findings that such halide perovskites of the ABX3 class can exist in cubic, tetragonal and orthorhombic systems. Recently Kaewmeechai et al presented a short computational study on the structural and electronic properties of CsMgBr3 for all the three phases [29]. In our work, we have considered only the cubic phases of CsMgCl3 and CsMgBr3 and using density functional theory (DFT) calculations, discussed their structural, electronic, thermoelectric and optical properties which have not been explored till now. We have also used two different exchange potentials for accurately estimating the mentioned properties whose details are mentioned in Section 2. Further we have elaborately discussed the results in Section 3 including an insight of different potential applications of our study.

2.0 Computational methodologies
All the first principles simulations of CrMgX3 halide perovskites were carried out through the Wien2K code based on self-consistent full-potential linearized augmented plane wave (FP-LAPW) method which is implanted in the code [33-34]. We have employed the PBE-GGA (Perdew−Burke−Ernzerhof generalized gradient approximation) exchange functional for the geometrical optimization [35]. For precisely computing the electronic properties, we have utilized the modified Becke-Johnson (mBJ) exchange correlation functional [36], from which got enhanced results. Thus we used mBJ-GGA method to examine other optical and thermoelectric behaviors. This method actually requires the crystal structure to be divided in to muffin-tin (MT) spheres bordering the atomic sites & the interstitial spaces on the edges of these spheres. For the Eigen-value convergence, the Rmt*Kmax is taken as 8.0, where Rmt denoted the muffin tin radius and is generally considered large enough so that the MT spheres do not overlap and Kmax is the paramount value of the reciprocal lattice vectors. The angular momentum expansion is considered up to lmax = 10 in the muffin tins spheres. All the calculations are performed in a k-mesh of 15 x 15 x 15 k points for integration of the irreducible Brillouin zone. 
Further, the thermoelectric transport properties were investigated based on the Boltzmann semi-classical transport equations as implanted in the BoltzTraP code. The k-mesh of the Brillouin zone has been increased to 2456 k-points, since these properties depend heavily on the denser k-points. The optical properties calculated are based on the frequency dependent complex dielectric function. All the equations involved in computing these properties are further stated explicitly in the subsequent section.                            
3.0 Results and Discussions
3.1 Geometrical structure and its properties
As mentioned, we have considered the cubic structure of the studied perovskite compounds and optimized their structures. Their fully relaxed structure is shown in Fig 1. The corresponding Wyckoff positions for Cs and Mg atoms are located at 1a (0, 0, 0) and 1b (0.5, 0.5, 0.5) respectively, and the rest three halogen atoms (X = Cl, Br) are located at 3c (0, 0.5, 0.5), (0.5, 0, 0.5), and (0.5, 0.5, 0) positions. These cubic structured compounds belong to the Pm3m space group.    
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Figure 1 - Relaxed crystal structure of cubic CsMgCl3 and CsMgBr3

All the lattice parameters and the other physical properties as listed in Table 1 are obtained by the volume optimization done using the Birch−Murnaghan equation of state which can expressed as follows [37]:
          (1)

Here, Eo is the attained minimum ground state energy, Vo is the volume taken as reference, V is the warped volume, Bo is the bulk modulus, and B′ is its derivative. Using this equation we have also plotted the variation of energy with volume as shown in the Fig 2. From these plots, we can obtain the ground state minimum energy of the compounds along with their optimum volumes which is attained by employing by PBE-GGA method.   
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Figure 2 – Total energy (Ryd) versus total volume (a.u3) curve for cubic (a) CsMgCl3 and (b) CsMgBr3 calculated for PBE-GGA method during volume optimization

From Table 1, it can be noticed that the lattice constants are 5.17 Å and 5.45 Å for CsMgCl3 and CsMgBr3 respectively as the value for the latter aligns well with one previous report [29]. The bulk modulus of these compounds along with their pressure derivative shows that these values are not much analogous with that of the metals and hence suggest that they are moderately compressible. From the obtained bond lengths, it can be seen that the Cs-X length is the smallest and they follow the trend of Cs-X, Cs-Mg and Cs-Cs in increasing manner. Further, to check the viability of these compounds, we have computed their formation energies (F.M) from the following expression – 
F.M = E(CsMgX3) – E(Cs) – E(Mg) – 3E(X)                                  (2) 
Where, E(CsMgX3) is the total energy of entire halide perovskite compound and E(Cs), E(Mg) and E(X) are the respective total energies of Cs, Mg and X (Cl, Br) atoms in bulk. The negative formation energies undoubtedly indicate that the cubic phases of CsMgCl3 and CsMgBr3 can be easily synthesized under ambient environment. It also confirms their stability suggesting that they are energetically feasible. 
   


Table 1 – Calculated lattice constants (a), cell volume (V), ground state energy (Eo), bulk modulus (B) and Pressure Derivative of B (B.P), bond length and formation energies of cubic CsMgCl3 and CsMgBr3 
	Parameters
	CsMgCl3
	CsMgBr3

	Lattice parameter (Ȧ)
	5.178
	5.458

	Volume (a. u)3
	937.0690
	1097.7625

	Bulk Modulus B (GPa)
	36.9673
	24.8540

	Pressure derivative (B.P)
	5.9014
	4.4570

	Minimum energy Eo (Ryd)
	-18750.942
	-31621.716

	
Bond length (Ȧ)
	Cs-Cl=6.91
Cs-Mg=8.47
Cs-Cs=9.78
	Cs-Br=7.29
Cs-Mg=8.93
Cs-Cs=10.31

	Formation energy (kJ/mol)
	-945.78
	-750.53



3.2 Electronic properties 
For analyzing the electronic behavior of these compounds, we have computed their respective band structures using both PBE and mBJ exchange correlation functionals as shown in Fig 3 and 4. It was observed in different studies related to DFT that these exchange functionals can be fiddly sometimes in obtaining the band gaps. The PBE-GGA method was observed to extensively undervalue the band gaps of various materials and compounds because of a self-interaction error [38-40]. This could be corrected in employing other functionals, of which mBJ turned out to be an effective one and is widely used in DFT calculations to compute the electronic structure and other characteristics of compounds like perovskites, Heusler alloys, etc [41-43]. In our study also, we have attained an enhanced band gap of both the compounds by using mBJ-GGA approach.   
The considered high symmetry path of k-points in the Brillouin zone is R→Γ→X→M→ Γ for calculating the electronic structures. Firstly, the band structure of CsMgCl3 from Fig 3 shows that it behaves as an indirect wide gap p-type semiconductor for both the potentials used. The conduction band minimum (CBM) is present at Γ point whereas the valence band maximum at M point, giving rise to the indirect gap. However, we have achieved an augmented band gap by mBJ which is 6.35 eV and 3.76 eV in case of PBE, although the nature of bands in both conduction and valence bands (CB and VB) being the same. Also, we noticed that the bands in VB at almost every high-symmetry point lie at the edge of the Fermi level and are quite flat. These flat bands indicate the presence of high effective masses which can be play an important role in efficient transport properties [44]. 
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Figure 3 - Band structures of cubic CsMgCl3 calculated using (a) PBE-GGA (b) mBJ-GGA approach, aligned to Fermi level (EF). Band gap is denoted by Δ

Next, the band structures of CsMgBr3 are calculated as shown in Fig 4. It can be easily noticed that the nature band structure, i.e., the type and curvature of energy bands in CB and VB are quite comparable to that of CsMgCl3. Also the nature of electronic property observed using both approaches corresponds to indirect gap p-type semiconductor, which is similar to previous compound. Only a subtle difference in band gaps are noticed which are 2.49 eV for PBE [29] and 4.26 eV for mBJ. The CBM and VBM lies at Γ and M points respectively. So, the band gap is seen to decrease with increasing the atomic number of halogen atom. Although the bands in VB remained at similar energy value, the decline in band gap occurs due to shift of bands in CB towards EF. Here also, the band edges have bouncy curvature in CB and flat nature in VB, giving rise to higher effective masses as mentioned for CsMgCl3.     
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Figure 4 - Band structures of cubic CsMgBr3 calculated using (a) PBE-GGA (b) mBJ-GGA approach, aligned to Fermi level (EF). Band gap is denoted by Δ

Since mBJ-GGA method gave the enhanced band gap, we have calculated the Total Density of States (TDOS) and Partial Density of States (PDOS) of these compounds to get an insight of the respective atoms and their orbitals contributing to the curves in band structures. The TDOS plot of CsMgCl3 as depicted in Fig 5(a) shows that the major contribution of DOS in VB is due to the halogen atom (Cl) at the edges of the Fermi level, which is also responsible for the flat bands of VB band edges. We can see a sudden peak of energy states of Cs atom at higher energy of about -5 eV, which relates to the flat degenerate bands near that energy in the VB. The states in CB start to appear at higher energy (~6.3 eV) because the energy gap is obtained due to the absence of DOS in CB from the vicinity of EF till around 6.3 eV. We observe analogous contribution of states of Cl and Cs atoms in CB. The involvement of Mg atom remains almost insignificant in the VB and somewhat present in the CB. Next, an almost similar nature of TDOS plot can be examined for CsMgBr3 as illustrated in Fig 5 (b). The zenith points of DOS in VB are same because of Br atoms at the environs of EF and a significant peak of Cs atom at about -6 eV with almost no contribution of Mg atom. In CB, the DOS starts to appear around 4.2 eV with equivalent involvement of Mg and Br atoms including a slightly higher contribution of Cs atoms.          
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Figure 5 – TDOS of cubic (a) CsMgCl3 and (b) CsMgBr3 estimated by mBJ exchange functional

The PDOS plot as illustrated in Fig 6 explains the association of particular orbitals of the atoms in the electronic structures of these perovskite compounds. From Fig 6(a) and 6(b) it is evidently perceptible that the peaks in VB are majorly due to presence of DOS of X (Cl, Br) atoms p-orbitals in the surroundings of EF as well as due to a slender peak of energy states of p-orbitals of Cs atoms at higher energies. We also notice marginal contribution of s and p-orbitals of Mg atoms. In the CB, the involvement of halogen atoms decline radically. We notice small peaks of states for Mg atoms comprising their s and p-orbitals at higher energy in conduction band. In case of Cs atoms, we perceive the presence of DOS due to its d-orbitals.  
[image: ]
Figure 6 – PDOS of cubic (a) CsMgCl3 and (b) CsMgBr3 estimated by mBJ exchange functional
3.3 Thermoelectric properties
Further, we have examined the thermoelectric (TE) transport properties of both the compounds using mBJ exchange functional since it revealed their enhanced electronic properties. Although semiconductors having narrow band gap are generally seen to reflect good TE response, researchers have also found out that wide gap semiconductors also exhibit properties of an efficient TE material, especially beneficial for high temperature applications [45-48]. So, the investigated TE properties are Seebeck coefficient (S), electronic thermal conductivity (κe), electrical conductivity per relaxation time (σ/τ), power factor (PF) and figure of merit (ZT). These were deduced with respect to chemical potential (μ) of range -2 eV to 7 eV at 300, 600, 900 and 1200 K temperature values. The positive region of μ accounts for n-type doping area and negative region corresponds to p-type doping and the most importantly all the plots are scaled such that zero μ corresponds to the Fermi energy level. Additionally, they were calculated pertaining to temperature in the range of 100-1200 K. All the mentioned properties for understanding the TE behavior are calculated based on constant relaxation time approximation, which are elucidated by the following expressions [49]:
                                      (3)
                         (4)
                        (5)

Here α and β are denotation of the tensor indicators, μ, Ω, ε, e, and f are the chemical potential, volume apiece unit cell, band energy, electronic charge and the transporter Fermi–Dirac distribution function. For a material to exhibit excellent thermoelectric efficiency, it must have prominent Seebeck coefficient and electrical conductivity along with a small thermal conductivity values. As a whole, the eminent values of power factor and figure of merit is highly desirable [50].  
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Figure 7 – Seebeck coefficient of (a) CsMgCl3 (b) CsMgBr3 as a function and (c) with respect to temperature estimated using mBJ-GGA process

Seebeck coefficient (S) explains the amount of thermoelectric voltage tempted by the temperature difference across the compound. The sign of S indicates the more dominant carrier nature; positive S relates to p-type carriers and negative S relates to n-type. Fig 7(a) and (b) shows the variation of S with chemical potential. From Fig 7(a), for the S values of CsMgCl3, it is seen that the peak values of all the temperatures are at positive side of μ. The peak values of S respectively at 300, 600, 900 and 1200K for [p-type; n-type] are [3035 μV/K; -2785 μV/K] at (0.9 eV, 5.8 eV), [3027 μV/K; -2780 μV/K] at (1.8 eV, 4.9 eV), [3025 μV/K; -2778 μV/K] at (2.6 eV, 4.0 eV) and [2811 μV/K; -2488 μV/K] at (3.1 eV, 3.5 eV). So, the peak values of S are marginally varying with the temperature changes as maximum S values are almost same from 300 to 900K with a slight decline at 1200K. Fig 7(b) shows the plot of S for CsMgBr3, which also behaves similarly with some slight variation of the curves. The highest values of S lie in the positive side of μ but unlike for CsMgBr3, we observe that S values are not completely zero in the negative region of μ. The peak values are [2992 μV/K; -2775 μV/K] at (0.1 eV, 2.4 eV), [2989 μV/K; -2778 μV/K] at (1.0 eV, 2.0 eV), [2410 μV/K; -2245 μV/K] at (1.2 eV, 1.6 eV) and [1821 μV/K; -1580 μV/K] at (1.2 eV, 1.5 eV) at 300, 600, 900 and 1200K respectively. The location of these peaks at particular chemical potential value shift significantly (more in case of CsMgCl3) with increase in temperature. We can see that apart from the two sharp curves of positive and negative S values, the Seebeck coefficient is constantly zero. This trend tends to decline with increasing temperature. Also, the S values for p-type carriers are more than n-type suggesting the prevalence of the former. The optimal values of S are higher for CsMgCl3 than CsMgBr3, because of its higher band gap [50]. Fig 7(c) shows S values as a function of temperature. Both the perovskites show opposite trend of variation, since for CsMgCl3, S values tend to increase at high temperature and vice-versa for CsMgBr3. At room temperature S is about 190 and 220 μV/K for CsMgCl3 and CsMgBr3 respectively. The throughout positive values of S supports the fact that p-type carriers are dominant for these compounds.
Thermal conductivity of a compound is a measure of heat conductance by a material caused due to vibrations of lattice and its electrons. It is mathematically denoted as sum of two components, electronic (κe) and lattice conductivity (κl), which is expressed as κe = κe + κl. Here we have computed only the electronic part which corresponds to the electron and holes transporting heat. Fig 8(a) and (b) shows the variation of κe of the compounds with regard to the chemical potential. For CsMgCl3, the optimum values of κe in p-type region (or -μ region) are around 1015, 20x1014, 28x1014 and 38x1014 W/mKs and for n-type region (or +μ), it is 3x1014, 5x1014, 9x1014 and 13x1014 W/mKs at 300, 600, 900 and 1200K respectively. So, κe increases drastically with increase in temperature and p-type region comprises the higher κe values, which are quite more than that of the n-type region. In a similar way, for CsMgBr3 the peak values of κe in p-type region (or -μ region) are around 11x1014, 20x1014, 31x1014 and 40x1014 W/mKs and for n-type region (or +μ), it is 11x1014, 22x1014, 32x1014 and 40x1014 W/mKs at 300, 600, 900 and 1200K respectively. So, in this case both n-type and p-type regions contain almost similar and comparable κe values, but the increasing trend with elevation in temperature is same. We have also noticed zero κe values mainly in some range of the positive μ region for both the compounds. Next, from Fig 9(a) it can be easily seen that κe increases radically with rising temperature values. At low temperature, we observe almost zero κe values. The room temperature values are around 1015 W/mKs for both the compounds, which is quite low being suitable for TE applications [52].                           
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Figure 8 – Electronic thermal conductivity of (a) CsMgCl3 (b) CsMgBr3 and electrical conductivity of (c) CsMgCl3 (d) CsMgBr3 as a function of chemical potential calculated using mBJ-GGA method

The electrical conductivity per relaxation time (σ/τ) as a function of μ is shown in Fig 8(c) and (d). This parameter gives an idea of the electrical conductance of a material generated due to movement of electrons from high to low temperature gradient. We can see that the peak values of σ/τ when plotted with respect to μ does not vary much with changes in the temperatures for both the compounds. There are apparently two prominent curves with two peak values of σ/τ at each p-type and n-type regions. For CsMgCl3, the highest values are ~1.5x1020 Ω/ms and ~0.4x1020 Ω/ms; for CsMgBr3, they are ~1.6x1020 Ω/ms and ~1.5x1020 Ω/ms for p-type and n-type regions respectively. The σ/τ values are zero from chemical potential range of 0 – 6.2 eV for CsMgCl3 and -0.8 – 3.5 eV for CsMgBr3. It can also be well observed that the nature of curve behaves similar to that of κe. The p-type doped region is seen to have higher electric conductance than n-type, which can be attributed to the lighter effective masses of holes in VB as compared to electrons in CB. Further, σ/τ disparity pertaining to temperature is shown in Fig 9(b). The values tend to increase linearly for both the perovskite compounds, with CsMgCl3 having a slightly higher value than CsMgBr3 throughout the temperature range. The room temperature values of σ/τ are 0.8x1020 Ω/ms and 0.4x1020 Ω/ms respectively for CsMgCl3 and CsMgBr3. On careful observation, it may be interpreted that the curves of κe and σ/τ are almost similar. This implies that our results endorse well with the Widemann-Franz law, which states that, “the electronic thermal conduction is directly proportional to electrical conductivity” [53].         
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Figure 9 – (a) Electronic thermal conductivity and (b) electrical conductivity of CsMgCl3 and CsMgBr3 as a function temperature estimated using mBJ-GGA scheme 

The power factor (P.F) of a TE material is an important measure to identify its thermoelectric efficacy correctly. It is expressed as P.F = S2σ/τ, signifying that this feature is straightly reliant on the Seebeck coefficient and electrical conductivity. The plots of P.F with regard to μ are shown in Fig 10 (a) and (b). For both the compounds, the power factor increases on moving from 300 K to 1200 K. For CsMgCl3, the peak values of P.F in p-type region appear at its edge, specifically at -0.02 eV for all temperature values. In n-type region it occurs at 6.5 eV. Again for CsMgBr3 the optimum curve appears at -0.9 eV and 6.6 eV for p-type and n-type expanses correspondingly. The maximum P.F values of CsMgCl3 in p-type are 2.9x1011, 5.2 x1011, 7.6 x1011, 9.3 x1011 W/K2ms and in n-type are 0.3 x1011, 0.8 x1011, 1.5 x1011 and 2.4 x1011 W/K2ms; for CsMgCl3 in p-type are 2.7 x1011, 4.9 x1011, 7.0 x1011, 8.8 x1011 W/K2ms and in n-type are 0.4 x1011, 0.9 x1011, 1.3 x1011 and 2.1 x1011 W/K2ms at 300, 600, 900 and 1200 K respectively. The p-type doping conceives higher P.F than n-type and also P.F values are zero in the range where the electrical conductivity was zero. Also with respect to temperature, P.F radically increases with rising temperature values (Fig 11 (a)). The room temperature values of CsMgCl3 and CsMgBr3 correspondingly are 2.75 x1011 and 3.98 x1011 W/K2ms.         

[image: ]
Figure 10 – Power Factor of (a) CsMgCl3 (b) CsMgBr3 and figure of merit of (c) CsMgCl3 (d) CsMgBr3 as a function of chemical potential calculated by mBJ-GGA approach



Finally, we calculate the most important TE property, which is the dimensionless figure of merit (ZT). For evaluating the effectiveness of a material for thermoelectric transport and energy conversion, the ZT factor is what is first looked upon. It is mathematically given as ZT = S2σT/κ, and since it is always desirable to have very high ZT, we also inspect materials with high S, σ and T (absolute temperature) including low κ values. Fig 10 (c) and (d) depicts the ZT as a function of chemical potential. It can be seen that for both the halide perovskites ZT values diverge very marginally and remain almost same for all temperatures. For CsMgCl3, ZT reaches an optimal value of 0.97 (close to unity) and remains same in the range of 0.0-2.6 eV after which it drops to zero. Further it attains a similar maximum value in 2.7-6.0 eV range. Similarly for CsMgBr3, peak ZT value is 0.99 present in the range of -1.0-1.5 eV as well as 1.6-3.2 eV. Having a look at ZT as a function of temperature (Fig 11 (b)), we see a different trend of variation for the compounds. For CsMgCl3, it increases abruptly from low to high temperature and for CsMgBr3, it follows a decreasing trend. In spite of this trend, their values remain quite comparable throughout. The room temperature values of ZT for CsMgCl3 and CsMgBr3 respectively are 0.69 and 0.75. Hence, one can notice that these ZT values achieved are quite high as far as a typical TE material is concerned. So, we may merely conjecture that both these halide perovskite are fabulous materials for TE applications.      
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Figure 11 – (a) Power Factor and (b) Figure of merit of CsMgCl3 and CsMgBr3 as a function temperature estimated using mBJ-GGA approach 

3.4 Optical properties
Further, we delve into examining the optical characteristics of both the halide perovskites in the energy range of 0-12 eV. In this context, the studied parameters are real (()) and imaginary constituents (()) of dielectric constant, absorption coefficient (α ()), optical conductance (σ ()), reflectivity (R ()), electron energy loss spectra EELS (L ()), refractive index (n ()) as well as extinction coefficient (k ()). As seen from the denotations, these properties are actually contingent on frequencies and are extracted basing on the complex dielectric function which is expressed as () = () + i() and is observed to effectively render all the mentioned optical factors. Since, the compounds under study in our work have cubic structure, the principle tensor components of dielectric function are equal, i.e, xx = yy = zz.Following the Kramers-Kronig” relationship, the real component () of this complex function is deduced from this equation [54-56]:

                                                        (6)
Where P is referred to as the principal value of the integral. Next, the imaginary part (()) is procured, which is accomplished by integrating all the potential interband transitions and be pondered by the subsequent expression [55]:

             (7)
Here, , m represents the free electron’s charge and mass respectively, while 𝜔 and M consign to the frequencies of emergent photons and dipole matrix, respectively. And i, j, fi and Ei corresponds to the beginning and ending states, fi is Fermi distribution and Ei is the free electron energy on ‘i’th state along with wave vector k. All the remaining properties are actually relying entirely on the elements of dielectric function at particular frequencies. Their expressions can be comprehended from these equations [55]:
                               (8)
                                                            (9)
                               (10)
                               (11)
                                                            (12)
                                                      (13)
The curve of real component of dielectric function () with respect to photon energy of the compounds is as shown in Fig 12(a). This element explains about the nature of electronic polarizability of the perovskites along with the behavior of dispersion of the incident electromagnetic (EM) radiation on them [57]. The values of static dielectric constants (at zero energy or (0)) are 2.1 and 2.5 for CsMgCl3 and CsMgBr3 respectively, which indicates that the latter has a slightly higher polarizability. It can be seen that the () values are almost uniform throughout the whole visible region (1.58 - 3.26 eV) for both the compounds. Thereafter it starts attaining increased values and procures the peak values in the UV region (3.3-12 eV). For CsMgCl3, the maximum () value is 5.1 and occurs at 9.2 eV, and the same for CsMgBr3 is 5.9 occurring at 7.9 eV. After achieving its peak, () declines subtly in higher energy range. Also, it becomes negative after ~11 eV for both the perovskites, which signifies that will they behave as a metal in this region and also withstand heavy plasmonic excitation.
The imaginary element of dielectric function (Fig 12(b)) gives an idea of the transitions of states occurring from occupied VB to empty CB, thus describing the response of the emergent EM radiation on the compounds [56-57]. It can be well observed that () values are completely zero in the visible region. For CsMgCl3, it is zero till 6.2 eV and for CsMgBr3, till 4.2 eV. The maximum values are attained in the UV regime at 10 eV and 8.1 eV correspondingly for CsMgCl3 and CsMgBr3 along with other smaller peaks as well. The interband electronic transitions from the edges of valence and conduction band can be attributed to the peaks of () observed at those particular energy values.              
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Figure 12 – Depiction of (a) real () and (b) imaginary () components of dielectric constant, (c) absorption spectra α (ω)  and (d) optical conductivity σ (ω) of CsMgCl3 and CsMgBr3 obtained by mBJ-GGA method

The spectrum of absorption coefficient α (ω) of the perovskites, explaining the nature of absorbing the incident light on them, is depicted in Fig 12(c). It also elucidates about the decay of the emergent light when it travels through the medium, thus giving information on the attenuation of the EM radiation [56-57]. Similar to the behaviour of the curve of () pertaining to different energy ranges, α (ω) values are also completely zero till 7 eV and 4.5 eV for CsMgCl3 and CsMgBr3 respectively. Hence, these compounds show zilch absorbance in the visible range and also to some extent in the UV region, suggesting that these halide perovskites will be optically transparent in the regions of no absorbance of light, because whole amount of light will directly pass through them. This feature can be attributed to the indirect wide gap of these compounds, which do not enervate any portion of light. So, this opens up a great possibility to use them as hole transport material (HTM) layer in the perovskite solar cells. By applying them as a HTM layer, it will absorb almost all the emergent visible solar light, passing into the cell, thus escalating the efficacy of them to a great level [58-59]. The absorption of light goes on increasing with elevation in energy values, with the peak α (ω) value achieved approximately at 11 eV. Hence, it also can be employed as UV absorbers implanted in sensitive devices to protect them effectively from damaging UV radiation. 
Fig 12 (d) shows the plot of the optical conductivity σ (ω) of the compounds, which aligns closely with the spectra of () and α (ω). Optical conductivity portrays the conductance by the compounds generated beneath optical excitation caused due to the emergent photons of EM radiation. The σ (ω) values are also zero till around 7 eV and 4.5 eV for CsMgCl3 and CsMgBr3 respectively, after which it climbs to higher values. Zero σ (ω) signifies the absence of optical excitations and hence explicates that the photons of the incident EM beam does not interact much with the electrons of the compound in that photon energy range. It attains the peak values at 10 eV for CsMgCl3 with value 6800 Ω-1cm-1 and 6200 Ω-1cm-1 for CsMgBr3 at 8 eV in the UV region. Along with these maximum energy values, there also other prominent peaks present in the UV region only.      

[image: ]
Figure 13 - Representation of spectra of the (a) refractive indices n (ω), (b) extinction coefficient k (ω), (c) electron energy loss function L (ω) and (d) reflectivity R (ω) of CsMgCl3 and CsMgBr3 acquired by mBJ-GGA method

The propagation of an EM beam or light passing through a compound can be illuminated by the expression, N (ω) = n (ω) + i k (ω), in which the absolute refractive index is denoted by n (ω) and k (ω) symbolizes the extinction coefficient. Fig 13(a) demonstrates the curve of n (ω) for both the compounds. It expounds on the information about the amount of incident light refracted or bent when passing through the material medium [55-56]. The static refractive indices are 1.48 and 1.61 for CsMgCl3 and CsMgBr3 respectively. These values fluctuate very marginally in the visible region and procures optimum values of 2.39 at 9.3 eV for CsMgCl3 and 2.53 at 7.9 eV for CsMgCl3 lying in the UV region. After these peak points, the n (ω) values starts to diminish further indicating reduced interaction with the emergent photons, and for CsMgBr3 it is even observed to become less than unity. Actually, refractive index is the factor by which the EM wave slows down relative to its speed in vacuum. So, n (ω) becoming less than 1 signifies that the wave is travelling faster in the compound (here CsMgBr3) than in vacuum. Also, one can notice that the nature of n (ω) curve matches to that of the () spectra, because of their profound interrelation via the expression n (0) = √ (0) [57]. The obtained static values of n () and () can be checked to verify this relation. Next, we ponder on the imaginary component of the complex N () function, as called the extinction coefficient k (), which is portrayed in Fig 13 (b). The values of k () enlightens about the dissemination depth of the emergent photons of the EM wave while traversing through the compound. This spectra closely aligns with that of () and α (ω), thus suggesting that we can get an insight of transmittance of the light along with absorption losses occurred in particular regions of EM spectrum. Its curve shows that k (ω) values are zero till 4.2 eV and 6.3 eV for CsMgCl3 & CsMgBr3 correspondingly. The values further mount with increasing photon energy and several prominent peaks are observable in the UV regions demonstrating the maximum penetration of light in that region. Also, the zero k () values in the visible region supports our conjecture that the EM wave will not alleviate in this range and will fully be transmitted.
The plot of electron energy loss spectra or EELS (L ()) is illustrated in Fig 13 (c). It explicates on the loss of energy of the electrons in a compound due to the penetration of incident EM beam on it. The energy loss actually occurs due to electronic excitations, from which we can know about the plasmonic excitations from the L () spectra [55]. The EELS plot shows that the majority of the losses are present in the UV region, where it attains the highest peaks for both the perovskite compounds. No loss present in lower energy range or in the visible region is due less plasmonic excitations which occur because the compound does not attenuate the incident light in this region. Next, we have calculated the spectra of reflectivity of these compounds as shown in Fig 13 (d). The portion of incident light reflected by a compound or material in respective region of EM spectrum can be known from this curve. For the studied compounds, the R () curve behaves in the expected manner for both of them. In the visible region, starting from zero energy the reflectance is almost negligible. The static reflectivity values R (0) are 3.5% and 5% for CsMgCl3 and CsMgBr3 respectively. So with no reflectance in visible range and along with our earlier speculation that there no absorption at all in this region, the incident light thus will directly transmit through the compounds with no attenuation. This supports our inference to effectively use them as HTM layer in perovskite solar cells. The major peaks of the R () spectra occurs at higher energy in the UV region, mainly at the regions where () values of them started diminishing and attained negative values. The highest values of reflectivity are 28% and 35% for CsMgCl3 and CsMgBr3 which are still quite less.

4.0 Conclusion
As a summary of our work, we have presented a computational study via first principles methodologies on two halide perovskites CsMgX3 (X = Cl, Br) in their cubic phases. We pondered on their structural, electronic, thermoelectric and optical properties. Firstly, we obtained their ground state and most stable cubic structure by finding the optimized geometry using PBE-GGA method. The stability and feasibility was checked finding the formation energies. Further, we also employed the mBJ-GGA approach along with PBE functional to calculate the electronic structures. We found that mBJ gave us the enhanced band gaps and most precise electronic property results. Both the compounds are observed to be indirect wide gap semiconductors with band gap of 6.3 eV & 4.2 eV for CsMgCl3 & CsMgBr3 respectively. Further the calculated TE properties reflected that they possess quite high ZT factors (0.69 and 0.75 in room temperatures) as well other properties, from which we inferred that they can show efficient TE response and widely used in power generation applications. The studied optical properties of these compounds deduced a very fascinating application of the halide perovskites, to be employed as a hole transport material (HTM) in solar cells. Their zero absorption, very low reflectivity and no electron energy losses in the visible region led to this important finding of a potential application. As a whole, both CsMgCl3 and CsMgBr3 being wide gap indirect semiconductors were found to possess enthralling thermoelectric transport and optical behaviour. 
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