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Abstract. Perovskite structures with the same crystal structure as CaTiO;, are of importance in the field of Materials
Science right from the discovery of ceramic high-temperature superconductors to the organic—inorganic
semiconductors for high-efficiency photovoltaics. Owing to their unique crystal structure, perovskites display a
variety of interesting properties like ferroelectricity, superconductivity, magnetoresistance, birefringence,
piezoelectricity etc. Moreover, the efficiency of perovskite solar cells has increased from 3.1% in 2009 to 22.1% in
2017. Since a large number of elements can be combined to form perovskite structures, one can selectively design
and optimize perovskite’s physical, optical and electrical characteristics. Through theoretical and computational
modelling, it is possible to access the hitherto unknown atomistic properties, opto-electronic properties and
operational mechanisms of these materials with high accuracy. This paper aims at explaining some of the
potentialities of DFT hybrid functionals to analyze the electronic, structural and optical properties of compounds
constituting various layers of a perovskite solar cell with the help of software packages like VASP, Wien 2k.
Gaussian 09 etc. This paper also reviews the effect of doping on the electronic properties of various layers of
perovskite solar cells including the band gap, visible light absorption, relaxation time of holes and electrons using
DFT, which in turn determines the optimum charge separation. The effect of introduction of an Intermediate Band
Gap in the perovskite structure using DFT methods based on GoW,+SOC approach is also discussed here. A study
on the effect of various intrinsic defects present in perovskite structures using DFT calculations with VASP package
is also discussed. The relevance of modelling the interfaces of various layers of perovskite solar cells with DFT
packages is discussed with the help of selected examples of materials and representative interfaces.

INTRODUCTION

Renewable energy sources like solar, biomass, geothermal, hydroelectric, wind etc., which are generally
abundant in availability, have emerged as potential alternative to meet world’s energy needs over traditional
non- renewable energy sources like fossil fuels. Among these renewable sources, solar energy has several
advantages over other forms of energy, due to its low cost, high efficiency, modularity and scalability and little
adverse environmental impacts. The everlasting quest for improving the efficiency of solar cells resulted in the
invention of various semiconductor heterostructures, thin films and other nanomaterials, which can act as
potential candidates for the commercial manufacturing of solar cells. However, a detailed knowledge of the
electrical, mechanical and optical properties as well as chemical composition of different materials constituting
various isolated layers of solar cells is essential for the design of novel high efficiency solar cells. Density
Functional Theory (DFT) has become highly popular in this regard owing to the existence of well-established
numerical codes capable of describing the ground state properties of various materials [1].

Though the Local Density Approximation (LDA), based on uniform electron density distribution and the
Generalized Gradient Approximation (GGA) based on non-uniform electron density distribution, are two well
established methods for estimating the ground state electronic properties of materials, they cannot provide
accurate results for excited state DFT calculations [2,3]. On the other hand, Hybrid methods tries to incorporate
features from first principle methods such as Hartree Fock methods, with some improved DFT mathematics and
computational codes. When dealing with computational chemistry applications, B3LYP hybrid method seems to
be more reliable than other hybrid methods of DFT calculation, even though most of the hybrid methods depend
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on the materials of interest. Another DFT calculation technique using the hybrid functional HSE06 is good for
calculating the band offsets, bandgaps etc., but it was found to have certain disadvantages especially when we
deal with direct-indirect crossover as in the case of the alloy, GaAsP [4]. GW approach based on Many Body
Perturbation Theory (MBPT) can produce reliable results especially when analyzing the electronic and optical
properties of materials and can be used self consistently also [5-9]. When interfaces are present, a Super Lattice
Approximation is found to be the most reliable approach as it can provide an estimate of band line up [10]. Time
Dependent DFT calculations can be used to calculate the frequency dependent molecular response properties of
materials like charge carrier transport and charge diffusion [14]. DFT can also shed light into the concepts of
electronegativity, hardness, and chemical reactivity index of materials which are essential for analyzing the
stability of various perovskite materials [15].

In addition, the dielectric properties of materials play an important role in determining the photon absorption
and can be calculated using Density Functional Perturbation theory [11-13]. For analyzing the optical properties,
an analysis of bonding and related properties is required and the multipole moments of the compounds can be
predicted with DFT [16]. It is also possible to calculate the complex second-order optical susceptibility
dispersion for the principal tensor components and their intra-and inter-band contributions [16]. The theoretical
circular dichroism spectra of compounds can be calculated using Time Dependent Density Functional Theory
[17]. A DFTP method combined with finite difference techniques and symmetry analysis can provide third order
components related to physical properties such as nonlinear electrical susceptibilities, nonlinear elasticity or
photo elastic and electro strictive effects [18]. The exciton binding energies and related optoelectronic properties
like the ionization potentials, electron affinities and fundamental gaps can be calculated using DFT with
different density functionals [19].

Computational Modelling of Dye Sensitized Solar Cells (DSSCs)

Soon after O'Regan and Gratzel published their pioneering work in 1991, extensive research has been carried
out on improving the efficiency of solar cells, which resulted in the production of energy from sun with
renewable materials such as Dye Sensitized Solar Cells (DSSCs) [21-23]. In recent years, researchers took effort
to develop new and efficient sensitizers based on ruthenium complexes, zinc porphyrin, natural dyes and metal-
free organic dyes, of which, DSSCs based on the first two compounds have achieved efficiencies well above
11% [24-32].

E TCO TiO; Dye Electrolyte Pt + 1CO

®
CB .

FIGURE 1. DSSC schematic diagram (left) and its working principle (right). Adapted with permission from (F. Labat, P. P.
Laine, 1. Ciofini and A. Adamo, Chem. Phys. Lett. 417, 445-451 (2012).) Copyright (2012) American Chemical Society

A detailed description and an accurate prediction of various properties of individual components and
interfaces that comprise the fundamental components of Dye Sensitized Solar Cells (DSSCs) can be done with
the help of Density Functional Theory (DFT) and Time Dependent Density Functional Theory (TD-DFT)
methods [33]. Using a global Hybrid functional (GH) approach such as B3LYP and PBEO and periodic
approach for the treatment and analysis of dye-semiconductor interfaces and semiconductor - electrolyte
interfaces with the help of DFT and TD-DFT, Labat et al. showed successfully that it is not only possible to
calculate the microscopic properties like the electronic structure and optical properties but also the global
parameters like open circuit voltage Voc and the short circuit current density Jsc, very accurately [33-36].
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Modelling of Isolated Components of DSSCs

Usually a semiconductor material with a conduction band edge well below the excited state of the dye is
required for the optimum performance of DSSCs. From the references, it is evident that a DFT study using
Global Hybrid Functionals (GH) and Periodic Boundary Conditions (PBCs) can provide a very precise
description of the electronic and structural properties of semiconductors, as a component of DSSC assembly
[35-38]. However, for the estimation of band gap, a well-developed RSH functional perform better than a GH
functional, but for the description of excited state, HSE is not suitable since an exact description of the excited
state of both dye and semiconductor is needed for the excited state calculations [33,39].

A component of DSSC, the organic dyes specifically, consist of an electron donating group and an electron
withdrawing group in which the excited state, which is responsible for the presence of conduction band
electrons of the semiconductor, is generated by the charge transfer from the electron donating group to the
electron withdrawing group of the dye. From the references, while taking into consideration the solvent effects,
it is evident that the electronic properties of the dye compounds and their absorption spectra can be well
described using PBEO which comes under GH functional approach [40-44].

Modelling of Interfaces of DSSCs

To get high efficiency, the dye molecule must be firmly attached to the semiconductor with the help of
various anchoring groups like carboxylic moiety and thus, a modelling of the structural properties of various
interfaces of DSSCs becomes very crucial [44]. For the N;/TiO, system, the bi-isonicotinic acid (BINA)
molecule as an anchoring group over an anatase (101) surface and for the EY/ ZnO DSSC, a formic acid as an
anchoring group over a wurtzite (1010) showed that both anchoring groups react in a dissociative way [37,45].
In a similar way, the structural properties of two anchoring group acetylacetone and catechol for ZnO based
applications were analyzed recently and it was found that these groups efficiently anchor the dye to the surface
[46,47]. The adsorption geometry obtained from the study of the model systems can next be used to model the
real dye/semiconductor interface using PBC.
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FIGURE 2. Computed densities of states and relevant I"-point frontier crystalline orbitals of the (a) N3/TiO, (HOMO

and LUMO) and (b) EY/ZnO (HOMOandLUMO"?) systems.Adapted with permission from (F. Labat, P. P. Lain_e, L.
Ciofini and A. Adamo, Chem. Phys. Lett. 417, 445-451 (2012).) Copyright (2012) American Chemical Society

Finally, an analysis of the structural and electronic properties of the semiconductor-electrolyte interface is to
be carried out for the complete modelling of DSSCs. Following the same procedure for the adsorption of the
anchoring groups and dyes on the surfaces, Labat et al. investigated the influence of electrolyte composition on
the open-circuit voltage (V,.) of DSSC and it was found that a higher V. can be achieved if the Conduction
Band Edge (CBE) energy is higher [48].
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Computational Modelling of Perovskite Solar Cells (PSCs)

Other than DSSCs, perovskite structures with the same crystal structure as CaTiO;, are of importance in the
field of Materials Science right from the discovery of ceramic high-temperature superconductors to the organic—
inorganic semiconductors for high-efficiency photovoltaics. Moreover, the efficiency of perovskite solar cells
has increased from 3.1% in 2009 to 22.1% in 2017. There is an ever-increasing quest to develop highly efficient
and stable perovskite solar cells and to improve their overall performance. The MAPI- based (Methyl
Ammonium Lead Todide) solar cells have achieved a record Power Conversion Efficiency (PCE) above 22%,
which is comparable with single crystalline Si solar cells. However, the stability of these solar cells when
exposed to air remains a barrier for its commercialization. One method to improve the stability is to make solid
solutions or to mix two or similar elements at the A-site or X-site of perovskite structures [48-50].

The Super Cell (SC) method provides a platform for modelling solid solutions with less computational
effort. To reduce the computational cost, the Virtual Crystal Approximation approach (VCA) approach can be
employed with pseudopotential plane wave method, where the pseudopotential of virtual atom is constructed by
averaging the relevant potentials and wave functions of constituent atoms [51,52]. It has been proved that the
VCA approach can provide exact values of lattice constants in cubic phase as a linear function of mixing
content, i.e. Vegard’s law, for hybrid halide perovskites, though some technical difficulties in calculating the
structural and electronic properties are present [53,54]. A non-SCF calculation can be done to obtain the
electronic band structure and the density of states (DOS), after performing the structural optimization of
supercell. The effective masses of conductive electrons and holes can be obtained by post processing the energy
band. Density Functional Perturbation Theory (DFTB) can be used to find out the optical properties like exciton
binding energy and absorption coefficient by calculating the frequency-dependent dielectric constants by
considering the effect of electron—hole interaction using the Bethe— Salpeter approach [55-58].

As DFT is basically a theory suitable for studying the ground state properties of materials, the standard LDA
and GGA approximations usually underestimate the band gap of inorganic perovskites structures. However, for
MAPI, PBE or PBEsol approaches, which come under GGA functional, can yield a band gap in agreement with
experimental results [59,60]. This arises due to the fact that there exists an error cancellation between the GGA
underestimation and the overestimation of calculated band gap due to the lack of Spin Orbit Coupling [61-65],
which shows the importance of considering the relativistic effects. This can be done with the help of first-order
Scalar Relativistic (SR) and higher order SOC contributions. However, it is necessary to adopt more complex
approaches like HSE06, which usually overestimates the band gap of hybrid and all-inorganic perovskites, and
hence by combining with SOC treatment, HSE06 can give a reasonable estimation of band gap of inorganic
perovskites [66,67]. By combining the GW approximation with the many body interaction studies, it is possible
to have an accurate description of electronic structure [68,69].
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FIGURE 3. Electronic band structure of MAPI (a) without and (b) with spin-orbit interaction. Adapted with
permission from (J. Even, L. Pedesseau, J. M. Jancu and C. Katan, J. Phys. Chem. Lett. 4, 2999-3005 (2013))
Copyright (2013) American Chemical Society

For MAPI, it was found that a small decrease in volume with the action of a small perturbation or a slight
increase in pressure results not only in decreasing the band gap in DFT calculations, but also in making a
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transition from indirect to direct bandgap. However, the effect of varying the temperature has not yet been
studied well for MAPI, even though it was found that a decrease in temperature results in a decrease in band gap
[70]. The A site cation has an indirect effect only in the band gap by changing the crystal structure due to the
presence of its molecular orbitals far away from the Valence Band Maximum (VBM) whereas substitution on
the B-site cation can directly change the conduction band without much change in the crystal structure as a
whole. The substitution on the X- site anion can be expected to change the VBM, since the X-site anion
dominates the valence bands [71]. Since the conduction electrons and holes combine to form excitons, an
analysis of charge carrier transport is important in understanding the performance of the perovskite solar cells
and can be done with the help of GW + SOC calculation with the inclusion of a van der Waals (vdW) correction
[72,73]. By applying the PBE + SOC approach, Zhao et. al have shown that the electron—acoustic phonon
couplings are weak in MAPI, and charge carriers are scattered predominantly by defects or impurities [74]. The
paper by K. Lejaeghere et al. contains many references and details of the various computer codes in which 40
different DFT methods were compared to establish high-precision results for equation-of-state data [20].

Modelling of Organohalide Perovskites as ETL

The electronic structure, optical properties and stability of organo-metal halide perovskite structures can be
very effectively studied using standard DFT with the help of (PBE) functional [75-77]. However, the estimation
of band gap of MAPDI; using SR DFT gives values in good agreement with experimental results whereas that of
MASnI; shows a variation of 1 eV from the experimental results, approximately [78]. Relativistic effects play a
significant role in introducing this band gap differences [77]. However, when Spin Orbit Coupling effects are
considered with DFT, there was a band gap underestimation for MAPDbI;, which can be resolved by a GW
approach incorporating SOC [79,80]. This approach resulted in a SOC-GW absorption spectrum in good
agreement with experimental results when electron-hole interactions are neglected [81]. A red shift in
wavelength occurs in the absorption spectrum of MASnl; when compared with MAPDI;, which clearly proves
that it is highly suitable for photovoltaic applications [75].

The intermediate band gaps can be introduced into the existing band structure by introducing suitable doping

materials and Gregorio Garcia et al. showed that the efficiency of perovskite solar cells can be increased by the
partial replacement of Pb with Cr in MAPI perovskite, which leads to the formation of an Intermediate Band
Gap (IGB) with the desired properties and hence results in the absorption of two extra photons [82]. However,
the band gap calculations with PBEsol+SOC underestimate the experimentally obtained value. Hence
GoW,+SOC approach, which incorporates spin orbit coupling effects, is implemented to calculate the bandgap
of MAPI doped with Cr ions. The band structure analysis shows that the substitution of one Cr atom in place of
Pb results in two new energy levels due to the formation of Cr 3d orbital, which can act as IGB.
Defects, surfaces and interfaces play a major role in determining the performance of solar cells. In order to study
the effect of such intrinsic defects like Schottky defect or Frenkel defect on the performance of solar cell, an
estimation of electronic structures and formation energies is necessary, which were calculated by Jongseob Kim
et al. with density functional theory (DFT) using the VASP (Vienna ab initio simulation) program package
[83,84]. An expansion of electronic wavefunctions is done with plane waves with a cut off energy of 520 eV and
the projector-augmented wave (PAW) method is used to describe the core—valence interaction [85]. The hybrid
functional approach with PBE GGA exchange-correlation functional was used and included 5d electrons in the
valence charges for Pb. The Monkhorst-Pack sampling with a 4 x 4 x 4 k point grid was selected for obtaining
the bulk CH3;NH;Pbl; structure. The electronic structure was calculated with a 2 x 2 x 2 k-point grid for
supercell calculation.

Youveri Wang et al. conducted another study using the VASP package for estimating the structural and
electronic properties using the plane-wave projector-augmented wave method [86-90]. A 4x4x4 Monkhorst-
pack k-mesh grid was employed for the estimation of structural and electronic properties [91]. For structural
relaxation, the van der Waals density functional (vdW-DF) in the form of optB86b-vdW was used which
directly provides information about the dispersion interaction between the organic base and the Pb-I framework
[92,93]. The electronic properties are studied by using the PBE functional and the modified Becke-Johnson
(mBJ) potential by considering the spin-orbit coupling (SOC) effect [94-98]. They investigated the carrier
transport and optical properties with the help of band structures obtained from the above-mentioned study.
Using deformation potential theory, the optical properties like absorption coefficients and recombination rate
were calculated with much denser 20x20x20 k-meshes using the independent particle approximation as
implemented in the all-electron WIEN2k code [99,100]. Radi A Jishi et al. reported a DFT based first-principles
calculation of six different lead halide semiconductors, namely, CH;NH;Pbl;, CH;NH;PbBr;, CsPbX; (X=Cl,
Br, I), and RbPbl; using the full potential linear augmented plane wave (LAPW) method with Wien 2k package
[100,101]. For these six compounds, excellent agreement was obtained between calculated and experimental
band gaps with modified Becke-Johnson exchange and correlation potential. From the study, it was predicted
with the help of DFT that the cubic phase of CsPbl;, could be a topological insulator under hydrostatic pressure
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[101]. The recent work done by Dongyan Liu et al. clarifies the nature of electronic and mechanical properties of
Cs doped CH3;NH;PbI;, which can be considered as a future candidate for the design of high efficiency and
stable hybrid perovskite photovoltaic materials [111-113].

Modelling of Hole Transporters

Hole Transport layer (HTL) plays an important role in photovoltaic energy conversion as the efficiency of a
solar cell is highly influenced by the properties of hole transporting materials. Spiro-MeOTAD,
(2,2',7,7-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene) is found to be the most suitable HTL
for perovskite based solar cells, but for DSC, it is Co(II)/Co(III) redox shuttles [102]. One of the main reasons
for selecting spiro-MeOTAD as HTL is that its radical cation has two oxidation states, the 2+ and the 4+, and
both states exhibit long term stability. An analysis of the excited states of spiro-MeOTAD-derived cations in the
absorption processes, when carried out with the help of DFT and TDDFT shows that for the oxidised species
maximum absorption of photons occurs in the visible region [103]. As there exists an excellent agreement
between theory and experiment while analyzing the electronic, optical and structural properties of both neutral
spiro-MeOTAD and its oxidized forms, it can be considered as the most suitable candidate for HTM for both
Perovskite Solar Cells and Dye Sensitized Solar Cells. BALYP exchange-correlation functional can be used to
optimize the structure of spiro-MeOTAD and its oxidized forms (spiro-MeOTAD", spiro-MeOTAD**, and
spiro-MeOTAD*) in vacuo without taking into consideration any symmetry constraints. Simona Fantacci et al.
considered the spin-adapted configurations and DFT calculations like UB3LYP calculations were performed for
the mono- and dications of spiroMeOTAD [103].

Modelling of TiO, Layer

At finite temperature, Car—Parrinello molecular dynamics plays an important role in sampling the local
minima and dynamical fluctuations [106]. As discussed earlier, DFT/TDDFT framework can be used as the
most important tool for studying the desired materials and interfacial properties. The cell efficiency,
performance, stability and hysteresis of perovskite solar cells are mostly affected by the presence of interfaces.
Ali Akbari et al. performed a first principle modelling of perovskite solar cells based on TIO, and Al,O; and it
was found that the interfacial plane of perovskite significantly influences the energy level alignment between the
TiO; and perovskite, resulting in the bending of bands for mesoporous perovskite solar cells than that for planar
perovskite solar cells [105]. From this study, it was concluded that Al,O; is not suitable for making perovskite
solar cells and the addition of Al,O3; makes the perovskite solar cells highly unstable.

Modelling of Interfaces and Surfaces

With the help of SOC-DFT calculations, Mosconi and co-workers investigated the interfaces of TiO, to
MAPI and also MAPbI;_,Cl, with a small Cl content around 4% [107,108]. The electronic structure calculations
using DFT showed that there exists a strong interfacial coupling between the 3d conduction band states of Ti
and 6p conduction band states of Pb due to the interaction of perovskite with TiO,. It was inferred that the same
interaction resulted in a slight upliftment of conduction band energy of TiO, [109]. It was also found that the
presence of defects at interfaces modify the band alignment, thus leading to the bending of perovskite bands
close to the TiO, surface, which results in the generation of trap states. In order to understand the cases of all-
inorganic perovskites, the CsPbBr;/TiO, heterostructure has been investigated by Qian et al. using the
PBEsol+HSEOQ6 functional [110]. It was found that a large charge transfer occurs between Cs and O atoms due
to the presence of interface defects, whereas a less charge transfer between Br and Ti atoms occurs [114].

CONCLUSION

In this review, a critical theoretical analysis based on first principle DFT calculations of the structural
properties, electronic and optical properties, lattice dynamics and material stabilities, effect of defects on
performance and the influence of surfaces and interfaces in the hybrid organic—inorganic and purely all-
inorganic halide perovskites are discussed. Since stability is a major concern for the commercialization of PSCs,
the study on degradation of perovskite materials under humid and wet conditions and chemical stability analysis
of MAPI are also included here. Though research on band gap tuning, band gap engineering, defect study,
search for lead free perovskites etc. have been carried out successfully, the topics like photon percolation into
the interface and its influence on the overall performance of PSCs still remain unattended. The doping strategy
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has been scarcely explored for Pb-free perovskite systems and further exploration for a precise composition is
expected to bring substantial changes in photovoltaic research.
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