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ABSTRACT. Perovskites have shown to be an excellent material for photovoltaics applications, due to 

its opto-electronic properties and low cost of fabrication. This paper is focused on assessing the 

performance of different pseudopotentialsinpredicting some opto-electronic properties of methyl 

ammonium lead iodide (MAPbI3) cubic phase perovskite in comparison with experimental results using ab 

initio density functional theory (DFT) as implemented in Quantum-espresso software. The pseudopotentials 

used were; Projector Augmented Wave (PAW) and Ultra-soft (US). From the study, it was observed that 

Perdew Burke Enzerhof (PBE) functional with Ultra-softpseudo potential gave a lattice constant of 6.20 𝐴0 

while the mixed pseudopotentials gave a band gap value of 1.64 eV, which were in closer agreement with 

experimental results of 6.27 𝐴0and 1.60 eV respectively. These simulated results suggested that PBE-US 

pseudopotentials give a better lattice constant estimate, while the mixed pseudopotentials give a better 

estimate of the band gap of cubic phase MAPbI3 perovskite.  

1. INTRODUCTION 

Among several kinds of renewable energy sources available around the globe, solar energy is the most promising 

source due to its abundance and eternal nature. Therefore, it is necessary to develop efficient techniques and 

devices for harnessing solar energy, which can contribute to resolving the energy demand of the world [1]. 

Perovskite-based solar cells (PSCs) are championing this course as economic and environmentally viable options 

to conventional solar cells. Perovskite is the name given to a group of materials [2] with general formula ABX3, 

having the same structure as the mineral calcium titanate (CaTiO3). 'A' is a monovalent cation (organic or 

inorganic), 'B' is a divalent cation and 'X' is an anion (halide or oxide).  

 

One benefit of Photovoltaics based on perovskite over their counterparts is their low-cost production due 

to the possibility of fabricating them in a number of ways, which include vacuum techniques among others [3]. A 

vacuum processing and fabrication technique involving ion-beam sputtering of materials is an area of current 

intensive research as a cost-effective method of surface analysis, processing and fabrication of self-organized 

nano-structures for opto-electronic applications [4-9]. They are employed as light-harvesting layers and charge 

carrier mediators in solar cells [10]. 

 

Lead halide perovskites have tremendous potential for use in solution-based photovoltaics (e.g. solar 

cells), with higher power conversion efficiencies (PCEs) compared to silicon-based photovoltaics [11]. For such 

applications, however, they experience a significant setback due to the toxicity of lead and its solubility in water. 

Consequently, in recent years there has been an intense research interest with promising findings on less toxic 

metal substitutions [12-16].  The most popularly studied perovskites [17] are methyl ammonium lead halide 

(MAPbX3) and formamidinium lead halide (FPbX3). Only ten years after the initial report of a working solar cell 
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[18] based on methyl ammonium lead iodide CH3NH3PbI3, these devices are routinely reaching efficiencies above 

20% with the record currently at 25.2%.  

Pseudopotentials are approximations of the physical potential of an atom that reproduce the correct wave 

function and single particle eigenvalues outside a certain radius. Normally the nucleus and inner electrons are 

treated as a single entity and only the valence (and semi-core) electrons are modelled [19]. They are used to 

reduce the numerical effort to determine the energies and wave functions, by neglecting cleverly the bound states, 

necessary to account for the singularity caused by the nuclei. Within the framework of density functional theory 

(DFT), the computational accuracy of materials properties are dependent on a number of factors, in which the 

choice of pseudopotential is. In that vein, it is pertinent to assess the performance of pseudopotentials in term of 

accuracy and exactness of computed results in comparison with experimental findings.  

In the course of this research, the performance of pseudopotentials on the optoelectronic properties of methyl 

ammonium lead iodide perovskite was assessed. The pseudopotential type used were the projector augmented 

wave (PAW) and ultra-soft (US) pseudopotentials with the Perdew-Burke-Ernzerhof (PBE) as our exchange 

correlation functional. In the first two simulations, PAW and US pseudopotentials were separately employed for 

the computations. While for the third simulation, the two pseudopotentials (US-PAW) were mixed and then used 

for subsequent calculations.  

2. COMPUTATIONAL METHODS 

Three separate simulations were performed. One each for projector augmented wave (PAW)[20], ultrasoft 

(US)[21] and a combined US-PAWpseudopotentialswith the Perdew-Burke-Ernzerhof (PBE) of generalized 

gradient approximation (GGA)[22] exchange correlation potentials as implementedin Quantum-espresso software 

package[23-24]. For the ground state calculations, a 12-atom primitive unit cell ofa simple cubic crystal structure 

(Pm-3m) for the MAPbI3perovskite was considered. A rigorous convergence study of total energy for geometry 

optimisation was also carried out. Such convergence tests include the kinetic energy cut-off, the k-point sampling 

and the lattice constant. The cut-off energies for the expansion of the wave functions of the plane waves were 45 

Ry, 40 Ry, and 85Ry for PAW, US, and US-PAWpseudopotentials respectively as shown in Figure 1(a-c) below. 

All atoms in the unit cell were completely relaxed until the forces of Hellman-Feynman are less than 0.002 

eV/𝐴0. The 4 x 4 x 4 Monkhorst-Pack grid of k-points for Brillouin zone integration was used in all the 

calculations for Pm-3m structures. To calculate the energy band structure of MAPbI3, seven points of high 

symmetry with gamma as the origin were selected. Finally, the density of state (DOS) of the optimized structure 

was also computed. 

 

3. RESULTS AND DISCUSSION 

The simulated results are presented and discussed in this section. 

  
(a) (b) 
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 (c) 

Figure1: Optimized kinetic energy cut-off of MAPbI3 using (a) PAW Pseudopotentials (b) US 

Pseudopotentials(c) US-PAWPseudopotentials. 

   

  Ultrasoftpseudopotentials are known to have large cut-off radii which allows them to converge very fast. 

This accounts for the kinetic energy cut-off of 40 Ry obtained for US as against the 45 Ry obtained for PAW 

pseudopotentials and 85 Ry obtained for the mixed pseudopotentials as shown in Figure 1(a-c) above. 

 

 
 (a)                           (b) 
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       (c) 

Figure 2: Band structure diagram of MAPbI3 using(a) PAW pseudopotentials (b) US pseudopotentials(c) US-

PAW pseudopotentials. 

 

The band structure diagrams in Figure 2 (a-c) describe the allowed and forbidden bands. The direct band 

gaps and Fermi levels can be viewed from the band structure diagrams of Figure 2 (a-c) above. It is important to 

note that for all diagrams, the Fermi level has been set at 0 eV. 

The band structure diagrams in Figure 2 (a-c) show that the conduction band minimum (CBM) and the 

valence band maximum (VBM) occurred at the high symmetry R point, which accounts for the direct band gaps 

of 1.13 eV, 1.26 eV and 1.64 eV using PAW, US and US-PAW pseudopotentials respectively. The band gap of 

1.64 eV obtained in this work was also reported in [25]. 

 

 
                       (a)                   (b) 
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                          (c) 

Figure 3: DOS of MAPbI3 using(a) PAW pseudopotentials (b) US pseudopotentials (c)US-PAWpseudopotentials. 

 

From Figure 3 (a-c) above, the density of states describe the number of states that are to be occupied by 

the atoms at each energy level. It is important to note that for all diagrams the Fermi level has been set at 0 eV.In 

terms of orbital contribution to the conduction band and valence band, the DOS diagrams show clearly that there 

are more contributions of orbitals below the Fermi level (that is at the valence band). 

Table 1: Summary of Simulated Results Obtained for MAPbI3Perovskites 

Properties   PAW   US     US-PAW        PREV. WORK 

Kinetic energy cut-off (Ry) 45   40  85     - 

Lattice constant (𝐴0)  6.12   6.20          6.12           6.27[26]  

Equilibrium Volume (𝐴0)
3
 230.15   118.56       230.15           247.10[26]  

Bulk modulus (GPa)  150.10   211.90          216.60      - 

Band gap (eV)   1.13   1.26          1.64  1.63[25], 1.30[26] &1.62[27] 

 

Table 1 presents the results of the Kinetic energy cut-offs, lattice constants, equilibrium volumes, bulk 

moduli and band gaps computed with PBE functional and the various pseudopotentials used. 

From the results, it was observed that PBE functional with US pseudopotential gave a better lattice constant that 

is approximately 6.20 𝐴0 which is closer to experimental result of 6.27 𝐴0 [26]. In addition, the mixed 

pseudopotentials (US-PAW) gave a better band gap of 1.64 eV which is closer to experimental result of (1.5-1.6 

eV) [27].  

4. CONCLUSION 

In this study, assessment of two pseudopotentials with PBE functional has been carried on simple cubic phase 

MAPbI3perovskite to ascertain their performance in the investigation of some structural and opto-electronic 

properties.It wasobserved that PBE functional using US pseudopotential gave a better lattice constant that is 

approximately 6.2 𝐴0 which is closer to experimental result. In addition, the mixed pseudopotentials(US-PAW) 

gave a better band gap of 1.6 eV which is closer to experimental result. Hence, this study has revealed that US 

pseudopotential performed better in predicting the lattice constant of cubic phase MAPbI3perovskite when 

compared to experimental results. On the other hand, the mixed pseudopotentials (US-PAW) performed better in 

predicting the band gap of cubic phase MAPbI3perovskite when compared to experimental results. 
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