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ABSTRACT 

 

The local electronic environment of atoms near interfaces in thin-film solar cells 

plays a crucial role in the overall performance. Core electron chemical shifts are sensitive 

indicators of variation in the local environment of an atom. We have used density 

functional theory-based methods to study the chemical shift of core electrons in 

methylammonium lead bromide (CH3NH3PbBr3) due to (1) the effect of 

methylammonium orientational disorder and (2) different surface terminations of a 

CH3NH3PbBr3 slab model. The calculations of the C 1s, N 1s, Pb 4f, Br 3d, and Br 3p core 

levels are shown. The electronic structure calculations are crucial to indicate the difference 

in the value of core-level energy in metal halide perovskite. Our results show that we can 

theoretically predict core electron chemical shifts using density functional theory-based 

method which can be correlated to confirm some energy changes of the valence band that 

has a major impact when designing solar cells. 
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CHAPTER 1 

INTRODUCTION 

 

Context 

 

With each passing year, there have been increasingly rapid theoretical and 

experimental developments in the field of condensed matter physics. Experimental 

research can be very expensive in terms of both time and money because of the numerous 

physical fabrication trials and practical limitations that are required. However, 

computational simulations empowered by advanced algorithms and valid theoretical 

models have become an essential component in modern research as a link between theory 

and experiments[1]. Crucially, computer simulation allows one to check the reliability of 

mathematical models and solve real-world problems efficiently and accurately. 

The massive consumption of fossil fuels is creating an energy crisis and climate 

change in today’s era. The production of electric power by burning fossil fuels or creating 

nuclear fission reactions is a threat to our environment and human health. As an alternative 

to fossil fuels, renewable energy sources like solar, wind, hydro, and geothermal energy 

have been proposed to generate electricity. Among these energy sources, solar energy is 

eco-friendly and abundant in nature. Photovoltaic (PV) technology is one of several 

technologies that exploit solar energy by directly converting solar optical/UV radiation into 

electrical energy[2]. PV technology has the potential to abate environmental stress and 

become a major electricity supplier[3]. With increasingly advanced technology, there has 

been an outstanding advancement in the field of photovoltaics in the past seventy years. 

There is a wide range of photovoltaic materials suitable for photoelectric conversion with 
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varying performance, cost, and characteristics for different potential applications[4]. The 

invention of crystalline silicon solar cells in 1954[5] in Bell laboratories paved the way for 

modern research in photovoltaic devices. Since then, based on a variety of solar light-

absorbing materials, various photovoltaic concepts have been developed which include, 

thin-film polycrystalline or amorphous semiconductors, semiconductor nanoparticles, 

organic and metal complex dyes, and organic semiconductors[6]. However, these evolving 

concepts have struggled to reach the head start offered by silicon solar cells[7]. A question 

may arise “why researchers are trying to develop a different semiconductor technology for 

PV when silicon solar cell is so well established?”[3]. The simplest answer is “to reduce 

cost, improve stability, and durability”[3].  

As a result of intensive research worldwide, the first solar cell with a perovskite 

structured crystal as the light-absorbing material was reported in 2009 by Miyasaka and 

co-workers[8] with a power conversion efficiency of 3.8%. Perovskites are materials that 

are named after Russian mineralogist Lev Perovski who discovered the prototypical 

example in the Ural Mountains of Russia[9]. Perovskites have a crystal structure of the 

type ABX3. Solar cells incorporating perovskite materials are known as perovskite solar 

cells (PSC) and are emerging as a strong competitor to challenge the leading photovoltaic 

technologies. In the ABX3 form the cavity (A site) is located at the vertex of the face-

centered cubic lattice and is occupied by a monovalent organic cation 

(CH3NH3
+, Cs+, or CH(NH2)

+), the B site is occupied by a divalent metal cation 

(Pb2+, or Sn2+), and the octahedral X site is occupied by halide anions (Cl−, Br−, or I−) 

which bond to both A and B. The crystal structure of methylammonium lead bromide 

(CH3NH3PbBr3) perovskite is depicted in Figure 1 (a). 
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Depending on the choice of A, B, and X, perovskites exhibit a broad range of optical 

and electronic properties such as high absorption coefficient, small exciton-binding energy, 

high dielectric constant, and large carrier diffusion length making these materials an ideal 

candidate for optoelectronic and photovoltaic application[10–12]. Due to excellent 

material properties, low cost, high efficiency, and worldwide efforts from researchers, PSC 

has gained enormous attention among the scientific community and is rapidly emerging as 

a strong contender in PV technology. PSC consists of a perovskite film stacked together 

with different contact layers creating several interfaces and interfacial regions[13] as 

shown in Figure 1 (b). Among all the constituents of PSC, the absorber layer (i.e., the 

perovskite materials) plays a crucial role in light absorption and photoelectric 

conversion[14]. The use of perovskites as photovoltaic materials has soared in recent years 

giving a new dimension to solar cell research with an achieved power conversion efficiency 

from 3.8% to over 20%[15]. Further improvements in the performance of PSC are expected 

to give rise to low-cost-efficient solar cells and are likely to ensure a better future for the 

photovoltaic industry. 
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Figure 1: (a) Crystal structure of CH3NH3PbBr3 (b) Normal structure of perovskite solar 

cell. ETL and HTL are two contact layers. 
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Motivation 

 

Despite the growing popularity and great potential of PSC, several hurdles need to 

be overcome to make them a viable alternative to conventional photovoltaic technologies. 

According to International Electrotechnical Commission (ICE) standards, a solar cell must 

perform well under non-laboratory conditions (i.e., 85% humidity at 85 degrees Celsius) 

and must withstand these conditions for 1000 hours with consistent performance. However, 

a methylammonium lead iodide perovskite solar cell (PSC) can withstand 55% humidity 

for just 480 hours[16]. Accomplishing long-term stability and durability is a major problem 

in PSC because of performance degradation[17].   

Among the various causes for degradation of PSC efficiency, most tend to occur at 

the interfaces between different PSC layers. Example causes include cyclic thermal 

stresses, diffusion of ions, oxidation, interfacial reactions[18–20], etc. The performance of 

a PSC is influenced by the contact layers and their interfaces which are dependent on 

energy level alignment between different materials in the device[13,21] and also on their 

electronic properties[21]. Reduction of performance in one layer leads to an overall 

degradation of the performance of the PSC. Understanding the causes of the interfacial 

degradation in solar cells and being able to compare the degradation across the interfaces 

within the materials is pivotal to find mitigative solutions. So, each layer and potential 

interface must be optimized to enhance the performance of the solar cell. To achieve high 

power conversion efficiency, aside from a good film quality and appropriate device 

structures, understanding the atomic and electronic structure of the perovskite and their 

interfaces is of paramount importance[22,23]. The atomic and electronic structure features 

present at the interfaces are prominent to eliminate interfacial structural and electronic 
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mismatch. So, it is important to understand the atom-specific electronic structure of 

interfacial atoms and their chemical bonding properties from a fundamental perspective for 

the development and optimization of material properties. 

Background 

 

The primary electronic structure issue of interest in this work is the relationship 

between core level and valence level electrons. To understand that relationship we begin 

with an elementary perspective. If we combine two atoms to form a molecule, the energy 

levels of the isolated atoms will be affected, leading to bonding behavior. For valence 

levels, when forming a molecule, the atomic orbitals in the atom will be combined to form 

molecular orbitals. A given molecular orbital in a complicated molecule may encompass a 

large number of atoms. On the other hand, when forming a molecule the core levels will 

remain mostly intact compared to their form in an isolated atom. However, the core orbitals 

may still be affected by the surrounding atoms and that effect is called the chemical shift 

of the core level or binding energy shift[24]. Several factors contribute to the energy shift 

in core levels such as different chemical environments, structural disorders, different 

surfaces, and changes in the number of valence electrons or charge transfer between atoms 

or molecules. Specific core electron chemical shifts are indicative of specific chemical 

environments that are unique to the atoms at the surfaces and interfaces[25]. A study of 

core-level chemical shifts may be used to help track the changes in the chemical 

environment of an atom at an interface or surface[26]. Variations in the nearest neighbor 

environments will show a significant effect on the measured value of the chemical shift. 

A host of theoretical packages and experimental techniques exist to probe the 

energy shift of those electrons that are most tightly bound to the nuclei, each with its own 
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merits and shortcomings. Experimentally, X-ray photoemission spectroscopy (XPS) is a 

powerful surface characterization technique that helps to track changes in the local 

electronic environment of an atom through its core level shift[26]. With XPS, we can probe 

up to the top 10 nm of a sample to extract information that lies within the core levels of an 

atom. XPS can produce a spectrum of deep core levels and peaks within this spectrum can 

be used to track shifts in energy levels and identify a material’s unique chemical 

signature[27]. For core levels, all orbital levels except the s orbitals (l = 0), yield a doublet 

peak with the two possible states having different binding energies due to spin-orbit 

coupling (also known as j-j coupling). Spin-orbit coupling is the relativistic interaction 

between the electron spin and the angular momentum of the orbital which causes a shift in 

the electron’s atomic energy levels[28]. With increasing atomic number (Z), the magnitude 

of splitting increases whereas decreases with the distance from the nucleus due to increased 

shielding of the nuclear charge. 

From the theoretical and computational side, Density Functional Theory (DFT) is 

a quantum mechanical modeling method employed to study the electronic structure of 

atoms, molecules, and solids[29]. Computational modeling and simulation with DFT are 

prominent to provide detailed atomic and electronic structures of interfaces. A key utility 

of DFT calculations is that they can give some inference to the data that are inaccessible to 

experiment. A better understanding of the atomic and electronic structure of perovskite and 

their interfaces are crucial for further improvement and optimization of the material’s 

properties, such as interfacial chemistry, band gap, as well as positions of the valence and 

conduction band edges[30]. In DFT based orthogonalized linear combination of atomic 

orbitals (OLCAO) method, spin-orbit coupling is not incorporated. So, the calculations are 
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non-relativistic. Using the OLCAO method, this is our first step to predict the relative value 

of core-level energy shifts not the absolute value of the shifts. 

Outline 

 

The second chapter will discuss the specific computational and theoretical methods 

used in this work. The Vienna ab initio Simulation Package (VASP) and the 

Orthogonalized Linear Combination of Atomic Orbitals (OLCAO) method are introduced, 

and special attention is given to how the OLCAO method calculates band structure, the 

density of states, effective charge, and bond order. The third chapter will detail the models 

used, demonstrate the results of our calculations, and discuss their implications. Lastly, 

chapter four will include both concluding remarks and a discussion on the future work that 

can be enhanced after this research is carried out. The concluding remarks expand on the 

results obtained to give insight into core electronic structure calculation and some other 

properties.  
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CHAPTER 2 

METHODS 

 

Overview 

 

Electronic structure calculations aim to describe a system of interacting electrons 

from quantum mechanical first principles and are therefore distinct from other forms of 

modeling that might rely on empirical parameters[31]. Examples of popular electronic 

structure theoretical frameworks are density functional theory[32,33] (DFT), Hartree-

Fock[34] (HF) method, Quantum Monte Carlo[35], coupled cluster[36], etc. Depending on 

the property of concern each electronic structure method has its importance. We have used 

two electronic structure simulation packages during this research. Those packages are the 

orthogonalized linear combination of atomic orbitals (OLCAO)[37] method and Vienna ab 

initio simulation package (VASP)[38]. Both packages are based on DFT, one of the 

efficient quantum mechanical methods to treat real-world materials. Although both 

packages are based on DFT, the difference in the basis set makes them distinct from one 

another. The OLCAO package is used for the density of states, band structure, effective 

charge, and bond order calculation. VASP is used to optimize the structure of the models. 

Table 1 shows how these packages will be used in our project. 
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Table 1 - Key Attribute and Purposes of Each Package 

 

 OLCAO Method VASP 

 

Attribute All electron method Does not incorporate core 

electrons 

 Gaussian based atomic 

orbital basis function 

Plane wave basis set 

Purpose Band structure, density of 

states, effective charge, and 

bond order calculation 

Structural relaxation 

 

 

The Orthogonalized Linear Combination of Atomic Orbitals (OLCAO) 

 

The name OLCAO was first coined by Ching and Lin and was applied to a vast 

collection of material systems at UMKC[37]. The OLCAO method is a direct extension of 

the linear combination of atomic orbitals (LCAO) method which uses atomic orbitals as a 

basis for the expansion of the Bloch wave functions. Within the LCAO approach, the 

calculations of the interaction integrals were reported for the first time in 1966[39]. 

Previously, the calculations of integration integrals were qualitative or semiempirical. The 

analytic expressions for the interaction integrals in the LCAO method are complicated to 

derive and implement. To perform accurate expansion of the solid-state wave function, the 

LCAO-based methods require many fewer basis functions than plane wave-based methods. 

However, the use of fewer basis functions in the LCAO-based methods will reduce the 

degrees of freedom, so the results can significantly depend on the choice of basis functions. 

Also, systematically optimizing the LCAO basis set is difficult. 
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To overcome the above mentioned practical difficulties associated with 

implementing LCAO, Conyers Herring[40] implemented the orthogonalized plane wave 

(OPW) method which enabled realistic solid state calculations of the band structure of a 

crystal. The expansion of the wave function in terms of plane waves is a conceptually 

simple basis set that is relatively easy to derive and implement in computer code. Within 

most electronic structure studies, the core states do not play a significant role. Therefore, 

to reduce the number of plane waves in the basis, the core wavefunctions may be replaced 

with pseudopotentials or eliminated by the orthogonalization process as in the OPW 

method. That step is most valuable for systems with high Z atoms as they have many core 

states. Though adding more plane waves in the basis can guarantee a more accurate result 

in the OPW method, it is computationally expensive because plane-wave basis sets are not 

efficient in describing sharp and rapidly varying features in the core regions[41]. The 

concept of orthogonalization in the OPW method enhanced the development of improved 

approaches for LCAO calculations and finally led to the development of the OLCAO 

method. 

 The OLCAO method is an all-electron method based on density functional theory 

(DFT) that uses periodic boundary conditions and atomic orbitals for the expansion of the 

Bloch wave functions. One useful advantage of the OLCAO method over other methods 

that are not all-electron is that it can be used to calculate the properties of both valence and 

core electrons. This method is suitable for complex materials systems containing a large 

number of atoms and different types of elements and it is capable of electronic structure 

and spectroscopic calculations of crystalline[42], non-crystalline[43,44], biomolecule[45], 

and other complex structures. In our project, the OLCAO method is used to calculate the 
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total density of states (TDOS), the partial density of states (PDOS), band structure, 

effective charge, and bond order. 

In the OLCAO method, the solid-state wave function Ψ𝑛�⃗� 
(𝑟 ) is expanded in terms 

of Bloch sums as given by Equation (1), by expanding it with a basis set of atomic orbitals 

(2) which are expanded using Gaussian type orbitals (GTOs) as in Equation (3). 

𝜓𝑛�⃗� 
(𝑟 ) = ∑ 𝐶𝑖𝛾

𝑛 (�⃗� 𝑖,𝛾 )𝑏𝑖𝛾(�⃗� , 𝑟 )                                         (1) 

𝑏𝑖𝛾(�⃗� , 𝑟 ) = (
1

√𝑁
)∑ 𝑒𝑖(�⃗� ⋅�⃗� 𝑣)𝑢𝑖(𝑟 − �⃗� 𝑣 − 𝑡 𝛾)𝑣                   (1) 

𝑢𝑖(𝑟 ) = (∑ 𝐴𝑗𝑟
ℓ𝑒−𝛼𝑗𝑟

2𝑁
𝑗=1 ) ⋅ 𝑌ℓ

𝑚(𝜃, 𝜙)                            (3) 

Where 𝛾 denotes the atoms in the cell, n is band index, k is wave vector and i 

represents all the quantum numbers of the atoms (i.e., principal quantum number (n) and 

angular momentum quantum numbers (l, m)).  𝑅𝑣 is the lattice vector,  𝑡𝛾 is the position of 

the 𝛾𝑡ℎatom in the cell and  𝑢𝑖(𝑟 − �⃗� 𝑣 − 𝑡 𝛾) represents the atomic orbitals with radial and 

an angular part. The first part in equation (3) represents the radial part which is represented 

by a linear combination of a suitable number of cartesian Gaussian type orbitals (GTOs). 

The second part represents the angular part which consists of the real spherical harmonics. 

The basis function is pre-determined in the OLCAO method which reduces the analytic 

integrals to be evaluated and saves time.  

 The atomic orbitals 𝑢𝑖 consist of core orbitals, occupied valence orbitals, and 

several additional empty orbitals. The OLCAO method can employ a minimal basis (MB), 

full basis (FB), and extended basis (EB) depending on the size and properties of the 

systems. MB contains core orbitals and occupied valence shell orbitals. The FB contains 

the MB and additional empty orbitals of the next unoccupied shell. The EB contains the 

FB and an additional shell of the unoccupied states at higher energy. 
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In OLCAO, the one-electron Kohn-Sham equation is written as: 

[−�⃗� 2 + 𝑉𝑒−𝑛(𝑟 ) + 𝑉𝑒−𝑒(𝑟 ) + 𝑉𝑥𝑐[𝜌(𝑟 )]]𝜓𝑛�⃗� 
(𝑟 ) = 𝐸𝑛(�⃗� )𝜓𝑛�⃗� (𝑟 )  (4) 

In equation (4) the first term is the kinetic energy term, 𝑉𝑒−𝑛(𝑟 ), 𝑉𝑒−𝑒(𝑟 ) and 

𝑉𝑥𝑐[𝜌(𝑟 )] are the electron-nuclear, electron-electron Coulomb, and exchange-correlation 

parts of the potential, respectively. The left-hand side of equation (4) gives the Hamiltonian 

of the system containing kinetic energy operators and the potential energy due to 

interactions between the ions and electrons written as: 

𝐻 = −∑
ħ2

2𝑚𝑒
𝛻𝑟𝑖

2 − ∑
𝑍𝐼𝑒

2

|𝑅𝐼−𝑟𝑖|
+

1

2
∑

𝑒2

|𝑟𝑖−𝑟𝑗|
+

1

2
∑

𝑍𝐼𝑍𝐽𝑒
2

|𝑅𝐼−𝑅𝐽|
𝐼𝐽(𝐽≠𝐼)𝑖𝑗(𝑗≠𝑖)𝑖𝐼  𝑖     (5) 

Where e is the electronic charge and 

𝑉𝑒−𝑛(𝑟 ) = −
𝑍𝐼𝑒

2

|𝑅𝐼 − 𝑟𝑖|
 

𝑉𝑒−𝑒(𝑟 ) =
𝑒2

|𝑟𝑖 − 𝑟𝑗|
 

𝑉𝑥𝑐[𝜌(𝑟 )] =  
𝑍𝐼𝑍𝐽𝑒

2

|𝑅𝐼 − 𝑅𝐽|
 

The exchange-correlation potential depends on the electron density 𝜌(𝑟) of the 

solid that is obtained from summation over the occupied states as: 

𝜌(𝑟 ) = ∑|𝜓𝑛�⃗� 
(𝑟 )|

2
                                              (6) 

In the local density approximation (LDA) of density functional theory, the exchange-

correlation part of the potential 𝑉𝑥𝑐(𝑟) is derivable from an exchange-correlation energy 

functional 휀𝑥𝑐. The exchange correlation energy 𝐸𝑥𝑐 is given by: 

𝐸𝑥𝑐 = (𝑟 ) ∫ 𝜌(𝑟 )휀𝑥𝑐[  𝜌(𝑟 )]𝑑𝑟                               (7) 

The exchange and correlation part of the potential 𝑉𝑥𝑐(𝑟) is written as:  
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𝑉𝑥𝑐(𝑟 ) =
𝑑(𝜌 𝑥𝑐[𝜌])

𝑑𝑝
= −

3

2
𝛼 [

3

𝜋
𝜌(𝑟 )]

1

3
                      (8) 

Kohn-Sham approximation is the simplest form for 𝑉𝑥𝑐, where 𝛼 is approximated 

to be 2/3. In the current OLCAO code, the Wigner interpolation formula is used to account 

for the correlation and exchange effect given by: 

𝑉𝑥𝑐(𝑟 ) = 𝜌(𝑟 )
1

3 [−0.984 −
0.944+8.90𝜌(𝑟 )

(1+12.57𝜌(𝑟 )
1
3)

2]

1

3

                         (9) 

By solving equation (4) at various k-points in the Brillouin zone (BZ), we can 

calculate the band structure of the crystal, or by solving the secular equation: 

|𝐻𝑖𝛾,𝑗𝛿(�⃗� ) − 𝑆𝑖𝛾,𝑗𝛿(�⃗� )𝐸(�⃗� )| = 0                                  (10) 

𝑆𝑖𝛾,𝑗𝛿(�⃗� ) and 𝐻𝑖𝛾,𝑗𝛿(�⃗� ) are the overlap and Hamiltonian matrix, respectively. 

The matrix equation (10) is large for the large complex systems or complicated 

crystals with large Z elements that require more computer memory and space to get their 

solution. In the OLCAO method, the core states (typically those ~30 eV below the highest 

occupied states ) are eliminated from Equation (10) by the orthogonalization process[42]. 

In Equation (10), the matrix elements between Bloch sums can be divided into three 

parts: (i) core-core, (ii) core-valence and valence-core, and (iii) valence-valence. The terms 

valence and core are used to include all non-core orbitals and core orbitals, respectively. 

Assuming that the matrix elements between core Bloch sums on different sites are zero and 

using orthogonality conditions, the dimension of the matrix equation can be reduced. 

Expanding the orthogonalized Bloch sum, we get 

𝑏𝑖𝛼
𝜈′

(�⃗� , 𝑟 ) = 𝑏𝑖𝛼
𝜈 (�⃗� , 𝑟 ) + ∑ 𝐶𝑗𝛾

𝑖𝛼𝑏𝑗𝛾
𝑐 (�⃗� , 𝑟 )𝑗,𝛾                          (11) 
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Where 𝜈 and c denote the valence and the core part of the Bloch sums. 𝜈′ denote 

the orthogonalized valence Bloch sums. 

Using the orthogonality condition, the new secular equation in the orthogonalized 

space is written as: 

|⟨𝑏𝑖𝛼
𝜈′

(�⃗� , 𝑟 )|𝐻|𝑏𝑗𝛽
𝜈′

(�⃗� , 𝑟 )⟩ − ⟨𝑏𝑖𝛼
𝜈′

(�⃗� , 𝑟 )|𝑏𝑗𝛽
𝜈′

(�⃗� , 𝑟 )⟩𝐸(�⃗� )| = 0        (12) 

The dimension of equation (12) is smaller than equation (10). 

The real space description of the crystal charge density 𝜌𝑐𝑟𝑦(𝑟 ) and the one-electron 

crystal potential 𝑉𝑐𝑟𝑦(𝑟 ) expressed as the sums of atom-centered functions consisting of 

Gaussians is an important feature of the OLCAO method. 

𝜌𝑐𝑟𝑦(𝑟 ) = ∑𝜌𝐴(𝑟 − 𝑡 𝐴)                                             (13) 

𝜌𝐴(𝑟 ) = ∑ 𝐵𝑗𝑒
−𝛽𝑗𝑟

2𝑁
𝑗=1                                               (14) 

Where 𝜌𝐴(𝑟 ) is the charge density, 𝑡 𝐴 is the position of the 𝐴𝑡ℎ atom in the cell and 

𝑟  is the description of the position in space. 

The electron-nuclear, electron-electron coulomb interaction (𝑉𝐶𝑜𝑢𝑙) and the 

exchange and correlation part of potential 𝑉𝑥𝑐 which simplify the many-electron 

interactions are also expressed as atom-centered functions as: 

𝑉𝐶𝑜𝑢𝑙(𝑟 ) = ∑ 𝑉𝐶(𝑟 − 𝑡 𝐴)𝐴                                         (15) 

𝑉𝐶(𝑟 ) = −
𝑍𝐴

𝑟
𝑒− 𝑟2

− ∑ 𝐷𝑗𝑒
−𝛽𝑗𝑟

2𝑁
𝑗=1                             (16) 

𝑉𝑥𝑐(𝑟 ) = ∑ 𝑉𝑥𝑐,𝐴(𝐴 𝑟 − 𝑡 𝐴)                                             (17) 

𝑉𝑥𝑐,𝐴(𝑟 ) = ∑ 𝐹𝑗𝑒
−(𝛽𝑗𝑟

2)𝑁
𝑗=1                                              (18) 

Where the first term in 𝑉𝐶(𝑟⃗⃗  ⃗) represents the potential near the nuclei, 𝑍𝐴 is the 

number of protons in the atom at that site. The value of exponential factor 휁 is taken as a 
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fixed number (20) in the current OLCAO method. So, the crystal potential is the sum of 

atom-centered potentials written as: 

𝑉𝑐𝑟𝑦(𝑟 ) = ∑ 𝑉𝐴(𝐴 𝑟 − 𝑡 𝐴)                            (19) 

𝑉𝐴(𝑟 ) = 𝑉𝐶(𝑟 ) + 𝑉𝑥𝑐,𝐴(𝑟 )                      (20) 

Where 𝑉𝐴 is the potential of the 𝐴𝑡ℎ atom in the cell. 

To increase the efficiency of OLCAO, the same exponential set {𝛽𝑗} is used in the 

Gaussian expansions of the potential and charge density that reduce the number of multi-

center integrals between the GTOs. These features enable the OLCAO method to be 

applied to large complex systems and still retain ab initio character. For each element, the 

exponential set {𝛽𝑗} is pre-determined based on the experience achieved by applying the 

OLCAO method to a large number of simple crystals by comparing calculated physical 

properties such as bulk modulus, optical properties, and so on to experimentally determined 

values. The {𝛽𝑗} is characterized by minimum and maximum values of 𝛽 and several terms 

N whose values depend on atomic number (Z) and crystal that is being studied. The value 

of  𝛽𝑚𝑎𝑥 and N is larger for heavier atoms. However, the value for 𝛽𝑚𝑖𝑛 ranges between 

0.08 to 0.15 depending on the element and the system under study. 

It is important to note that the set {𝛽𝑗} was determined within the OLCAO method 

itself, specifically, it was performed within the context of core orthogonalization. In other 

words, the valence states had been orthogonalized against the core states so that the core 

states could be ignored when developing the set {𝛽𝑗}, which is used to describe both the 

potential and the charge density. Therefore, when a calculation is performed in which the 

valence states are no longer orthogonalized against the core states the choice of values in 

the set {𝛽𝑗} is probably not optimal. Logically, it would be wise for future developers of 
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the OLCAO method to create a second set of values for {𝛽𝑗} that is specifically designed 

for use in calculations with core orbitals. Because such a set was not developed for this 

work, we must take the results presented here as a first approximation that could be 

improved. Nonetheless, the self-consistent field (SCF) process converged with little trouble 

and so we maintain that the results presented here are still valid and informative.  

 The band structure 𝐸𝑛(𝑘) is the important electronic property of a crystalline solid 

which helps to identify whether a crystal is a metal, a semi-metal, a half-metal, a 

semiconductor, or an insulator. The separation between the top of the occupied valence 

band (VB) and the lowest unoccupied conduction band (CB) is the band gap. The density 

of states (DOS) G(E) of the crystal by sampling 𝐸𝑛(𝑘) throughout the Brillouin zone (BZ), 

defined as the number of energy states per unit energy per crystal cell can be calculated as: 

𝐺(𝐸) =
Ω

(2π)3
∑ ∫ 𝑑3𝑘𝛿(𝐸 − 𝐸𝑛(�⃗� ))𝑛                     (21) 

Where Ω = volume of the unit cell 

The DOS calculation gives information about what percentage of electrons in the system 

exist at what energies. Through the detailed understanding of the material’s density of 

states (DOS) and band structure, we can rationalize the properties like mobility, 

recombination mechanism, intrinsic carrier combination, and so on.  

In the OLCAO method, according to Mulliken’s population analysis scheme[46], 

we can define a fractional charge 𝜌𝑖,𝛼
𝑚  for 𝑖𝑡ℎ orbital of the 𝛼𝑡ℎ atom, of the normalized 

state 𝜓𝑚(𝑟) with energy 𝐸𝑚, 

1 = ∫ |𝜓𝑚(𝑟)|2𝑑𝑟 = ∑ 𝜌𝑖,𝛼
𝑚  𝑖,𝛼                              (22) 

𝜌𝑖,𝛼
𝑚 = ∑ 𝐶𝑖𝛼

∗𝑛𝐶𝑗𝛽
𝑛 𝑆𝑖𝛼,𝑗𝛽𝑗,𝛽                                      (23) 
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Where 𝐶𝑗𝛽
𝑚 is the eigenvector coefficient of the 𝑚𝑡ℎ state wave function and 𝑆𝑖𝛼,𝑗𝛽 is the 

overlap matrix. Mulliken scheme is a simple and effective way to partition an electronic 

state into orbital species. Using 𝜌𝑖,𝛼
𝑚  as the projection operator, we can decompose TDOS 

into PDOS. In the OLCAO method, the total density of states of a crystal can be resolved 

into a partial component of different orbital components (based on n, l, and m quantum 

numbers) which is natural because the Bloch functions are expressed in terms of atomic 

orbitals. The interactions between different atoms or orbital components are exhibited by 

the alignment of peaks in their PDOS spectra. 

Based on the Mulliken scheme[46] definition of fractional charge in Eq. (23), we 

can calculate an effective charge 𝑄𝛼
∗  on each atom 𝛼 and bond order 𝜌𝛼𝛽 (the strength of 

bond between each pair of atoms are indicated by the value of bond order) for each pair of 

atoms (𝛼, 𝛽) as follows: 

𝑄𝛼
∗ = ∑ ∑ ∑ 𝐶𝑖𝛼

𝑚∗
𝐶𝑗𝛽

𝑚
𝑗,𝛽𝑛𝑖 𝑆𝑖𝛼,𝑗𝛽                                 (24) 

𝜌𝛼𝛽 = ∑ ∑ 𝐶𝑖𝛼
∗𝑛𝐶𝑗𝛽

𝑛 𝑆𝑖𝛼,𝑗𝛽𝑗,𝛽𝑛                                       (25) 

After calculating the effective charge, we can calculate charge transfer in a material 

by subtracting the computed effective charge from the number of valence electrons that are 

present in the neutral atom as: 

∆Q∗ = Q0 − Q∗                                                           (26) 

Q0= charge on the neutral atom 

Q∗= effective charge of the same atom computed using the OLCAO method 
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The Vienna ab initio Simulation Package (VASP) 

 

The main program in the VASP was written by Jurgen Furthmuller and Georg 

Kresse in 1993[38]. The VASP method is a density functional theory-based approach that 

uses a plane wave basis set for electronic structure calculations and quantum-mechanical 

molecular dynamics. It uses periodic boundary conditions and can model systems with a 

large number of atoms. It can solve many-body Schrodinger equations, either using density 

functional theory (DFT), solving Kohn-Sham equations, or within the Hartree-Fock 

approximation, solving the Roothaan equations. The main advantages of using plane waves 

are the Hamiltonian and the total energy expressions are easy to implement and using Fast 

Fourier Transforms (FFTs), the action of Hamiltonian on the orbitals can be efficiently 

evaluated. In VASP the interactions among electrons and ions are explained by ultrasoft 

Vanderbilt pseudopotentials (USPP)[47], or the projector augmented wave method 

(PAW)[48]. In our research, we use VASP for structure optimization. 

The wavefunctions of core electrons are highly oscillatory near nuclei, so a very 

large number of plane waves are needed to expand the wave functions of core electrons. 

The concept of pseudopotentials was introduced to effectively eliminate the core electronic 

states that do not participate in the formation of chemical bonds and allows a significant 

reduction in computational efforts. Pseudopotentials are dependent on the frozen core 

approximation (FCA) which replaces the atomic all-electron potential such that core 

electrons are eliminated and only the valence electrons are described by pseudo-

wavefunctions. The use of pseudopotential reduces the size of basis sets which is prominent 
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when studying elements with a large number of core electrons such as transition 

metals[49]. 

 

 

Figure 2: Illustration of the concept behind the pseudopotential[50] 
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CHAPTER 3 

RESULTS AND DISCUSSION 

Structural Modeling 

 

In this section, we introduce and provide a structural analysis of the slab models 

used during the later calculations. The initial structure for the slab models with different 

surface terminations was taken from the supplementary data of Komesu et al[51]. Two 

different symmetric methylammonium lead bromide (CH3NH3PbBr3) slabs were 

constructed along the [001] direction by Komesu et al. The first model (A) contains seven 

unit cells with two CH3NH3Br surface terminations and the second model (B) contains six 

unit cells with two PbBr2 terminations. The lattice parameters for model A are a = b = 

6.0897 Å and c = 54.7373 Å while the lattice parameters for model B are a = b = 6.0897 Å 

and c = 46.5380 Å (see Ref 51). Both slab models contain a 10 Å vacuum region that 

separates the surfaces across the periodic boundary conditions to reduce surface-surface 

interactions between periodic surfaces. The CH3NH3Br and PbBr2 terminated slab models 

have 93 and 75 atoms, respectively. Two bulk models were also constructed as 1×1×2 

supercells. In the first model (Perfect crystalline I), each cell contained a CH3NH3 molecule 

with the same orientation and in the second model (Perfect crystalline II) the orientation of 

the CH3NH3 molecule was rotated 180 degrees about the axis perpendicular to the 

molecular central axis. Both crystalline models have 24 atoms. All atomic coordinates of 

all models were relaxed quantum mechanically with the VASP[38] package (see Chapter 

2). During the optimization, both in-plane lattice and atoms positions are all allowed to 

relax. The generalized gradient approximation (GGA)[52] was used for the exchange-
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correlation energy and the Kohn-Sham equation was solved with an energy cutoff of 540 

eV. We have used the Monkhorst-Pack[53] scheme with a 4 × 4 × 1 distribution of k-

points. The spin-orbit interaction was ignored in our calculations. The optimized structures 

were then used as input for electronic structure calculations via the OLCAO method. Table 

2 shows the relaxed structural data used in our calculations.  

 

Table 2 - Relaxed Structural Data 

 

Models Perfect Crystalline I Perfect Crystalline 

II 

Model A Model B 

Lattice 

parameters (Å) 

    

a 6.061626 6.054535 6.052337 6.040444 

b 6.061626 6.054535 6.052337 6.040444 

c 12.148584 12.044844 53.754442 46.281895 

Angles (°)     

𝛼 89.086726 90.111028  90.290894 89.762032 

𝛽 89.086726 90.111028   90.290894 89.762032 

𝛾 89.868411 87.241548 87.732936 87.848348 

Number of 

atoms 

24 24 93 75 
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                                                                    (a) 

 

 

                                                                    (b)   

 

                                              (c) 

 
                                                                     (d)                    

 

 

Figure 3: (a) Perfect crystalline I (CH3NH3 molecule pointing along same direction in 

each cell) (b) Perfect crystalline II (Flipping orientation of CH3NH3 molecule in each 

cell) (c) Model A (CH3NH3Br terminated surface) (d) Model B (PbBr2 terminated 

surface) 
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Density of States 

 

In this section, we present a detailed analysis of the density of states of the above-

described four models using the in-house developed OLCAO method (see Chapter 2). An 

overview of the expected core levels in perfect crystalline I using the OLCAO method is 

depicted in Figure 4. The density of states (DOS) is the number of states that are occupied 

by the system at any given energy. Along the x-axis is the electron energy in eV and energy 

ranges from -425 eV to 0 eV. On the y-axis is the number of electron states per cell per 

unit of energy. Energies less than -425 eV are not shown because there are no states of 

interest (i.e., states with associated experimental data) at those deep energies. The element 

specific orbital contributions shown in Figure 4 are obtained by partitioning the total DOS 

(TDOS) into a partial DOS (PDOS). For the valence electrons, the most typical density of 

states data covers the range -20 eV to 20 eV because electrons in those states are 

responsible for bonding between atoms. The valence band spectrum tends to be lumpy in 

which the peaks are less specific to atoms and contain contributions from many atoms and 

elements, and they give detailed information about chemical bonding and are relevant for 

other calculations such as optical properties. With respect to the core states, each element 

has very specific and well-defined core levels below the valence levels. Unlike valence 

electrons, electrons from core levels are not shared between atoms and are not involved in 

bonding. Each element has a unique spectrum, and each peak position of the element gives 

information about the chemical state. The area under the curve gives quantitative 

information about the number of electrons. Table 3 shows the calculated value of core-

level energy using the OLCAO method. “Literature” values were obtained from the 

Lawrence Berkeley National Laboratory X-ray data booklet[54,55].  
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 Table 3 - Calculated Core Level Energy  

  

Core Level Binding Energy 

(eV) 

“Literature” 

Binding Energy 

(eV)  

XC_Code -100 

Binding Energy 

(eV)  

XC_Code -101 

Pb 5d 19.4 19.58 19.72 

Pb 5p 94.85 74.96 75.16 

Pb 5s 147 109.36 109.58 

Pb 4f 139.3 146.78 147.28 

Pb 4d 423.25 403.56 404.07 

Br 3d 69.5 61.31 61.61 

Br 3p 185.5 164.01 164.35 

Br 3s 257 221.46 221.79 

C 1s 284.2 262.34 262.66 

N 1s 409.9 374.42 374.81 

 

 

To get more insight into the density of states (DOS) of an individual atom we can 

zoom into each of these peaks to see if these peaks are comprised of single or multiple 

peaks. Figures 5-14 show the DOS for C 1s, N 1s, Pb 4f, Br 3d, and Br 3p for each of the 

different models and demonstrate that the surface effects and molecule orientation effects 

lead to significant core-level variations. For C 1s and N 1s, we see a single peak for both 

surfaces terminated models. In model A, the core level energy of carbon and nitrogen is 

shifting to slightly deeper energy as compared to model B which is shifting slightly to 

higher energy indicating that shift mainly arises due to surface termination. For Pb 4f, Br 

3d, and Br 3p we see a splitting peak for model A that is shifting to slightly deeper energy 

and a single peak for model B shifting to slightly higher energy. However, in the case of 

perfect crystalline models, we see the core level energy of C 1s, Pb 4f, Br 3d, and Br 3p 

slightly overlapped with each other and energy shifting to slightly deeper energy for perfect 
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crystalline II. But in the case of N 1s, we see the core level energy is shifting to slightly 

deep energy for perfect crystalline II and higher energy for perfect crystalline I. The 

calculated results reveal a significant energy shift in core levels due to different surface 

terminations and molecule orientations. Figures 15-18 show the calculated TDOS and 

PDOS in the energy range -5 eV to 5 eV for each of the models. The PDOS shows the 

contribution of each element to the TDOS. The zero of the energy is set at the top of the 

valence band (VB). The band gap boundary states come essentially from the orbitals of Br 

and Pb atoms as depicted in Figures 15-18. The conduction band maximum (CBM) is 

formed by the p orbitals of Pb that reflects the ionic nature of hybrid perovskites. 

TDOS can be resolved into a partial density of states (PDOS) to visualize the shift 

of an individual atom as shown in Figures 19-22. The interaction between different atoms 

or orbital components is displayed in PDOS spectra. In model A, there are eight carbon 

atoms and eight nitrogen atoms whereas there are six carbon atoms and six nitrogen atoms 

in model B. The term C1, C2, …, C8 represents carbon atoms (C1) from one end of surface 

to the end of the slab next surface (C8). The carbon and nitrogen atoms are in the interior 

portion of each cell. We can see a change in the core energy level of individual carbon 

atoms and nitrogen atoms for both terminations as we compare surface atoms against bulk-

like atoms. For model A, the surface carbon atoms and nitrogen atoms are shifting to 

slightly higher energy as compared to the bulk-like carbon atoms and nitrogen atoms. In 

the case of model B, carbon atoms and nitrogen atoms near the surface are shifting to 

slightly higher energy as compared to bulk-like atoms. We know that the termination of a 

material with a surface leads to a change of the electronic structure. The shifts in core level 

energy can be attributed to different surface termination. Figures 23 and 24 show the 
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density of states in the form of an intensity plot for C 1s for model A and model B using 

visualization software Paraview. Along the y-axis is the position of atoms. On the z-axis is 

the electron energy in eV. We can simultaneously look surface and bulk density of states 

concerning positions of atoms. 

 

Figure 4: Calculated total density of states (TDOS) for perfect crystalline I using the 

OLCAO method 
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Figure 5: Calculated density of states for C 1s for surface terminated models 

    

 

Figure 6: Calculated density of states for C 1s for perfect crystalline models 
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Figure 7: Calculated density of states for N 1s for surface terminated models 

 

 
Figure 8: Calculated density of states for N 1s for perfect crystalline models 
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Figure 9: Calculated density of states for Pb 4f for surface terminated models 

 

 
Figure 10: Calculated density of states for Pb 4f for perfect crystalline models 
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Figure 11: Calculated density of states for Br 3d for surface terminated models 

 

 
Figure 12: Calculated density of states for Br 3d for perfect crystalline models 
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Figure 13: Calculated density of states for Br 3p for surface terminated models 

 

 
Figure 14: Calculated density of states for Br 3p for perfect crystalline models 
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Figure 15: Calculated total density of states (TDOS) and partial density of states (PDOS) 

for model A 

 

 
Figure 16: Calculated total density of states (TDOS) and partial density of states (PDOS) 

for model B 
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Figure 17: Calculated total density of states (TDOS) and partial density of states (PDOS) 

for perfect crystalline I 

 
Figure 18: Calculated total density of states (TDOS) and partial density of states (PDOS) 

for perfect crystalline II 
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Figure 19: Calculated partial density of states (PDOS) for C 1s for surface terminated 

model (Model A) 

 
Figure 20: Calculated partial density of states for C 1s for surface terminated model 

(Model B) 
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Figure 21: Calculated partial density of states (PDOS) for N 1s for surface terminated 

model (Model A) 

 
Figure 22: Calculated partial density of states for N 1s for surface terminated model 

(Model B) 
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Figure 23: Density of states for C 1s for model A (CH3NH3Br-termination) using 

Paraview 

 

 

Figure 24: Density of states for C 1s for model B (PbBr2-termination) using Paraview 
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Band Structure 

 

In this section, the band structures are shown for each model along with the same 

reciprocal space high symmetry path. In graphs of the electronic band structure of solids, 

the band gap which refers to the difference between the top of the occupied valence band 

(VB) and the bottom unoccupied conduction band (CB) is an important quantity for 

semiconductors and insulators that determines the electrical conductivity of a solid. For 

photovoltaic-related applications, the role of the band gap is of paramount importance. The 

perovskite material used in a solar cell is a semiconductor with a gap that ranges from 1.5 

eV[56] for CH3NH3PbI3 to 3.0 eV[57] for CH3NH3PbCl3. Experimentally, the band gap 

of  CH3NH3PbBr3 is reported to be 2.3 eV[58]. Using the DFT method, the calculated band 

gap of CH3NH3PbBr3 is 2.1 eV[59]. The band gap in these materials can be tuned by either 

changing the temperature or substituting the A, B, and X components of perovskite[60]. 

Figure 25 shows the calculated band structure for (a) Perfect Crystalline I (b) 

Perfect Crystalline II (c) Model A and (d) Model B using the OLCAO method. The local 

density approximation (LDA) used in the OLCAO method is known to underestimate the 

band gap. So, the true band gap is larger than these reported by our calculations. In all of 

the four models, we can see a curvature for the bottom of the conduction band (CB) as well 

as the top of the valence band (VB). Using the OLCAO method the calculated band gap 

for perfect crystalline I, perfect crystalline II, Model A, and Model B is 0.41 eV, 0.30 eV, 

0.40 eV, and 0.54 eV, respectively. 
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Figure 25: Calculated band structure for (a) Perfect crystalline I (b) Perfect crystalline II 

(c) Model A (CH3NH3Br-termination) (d) Model B (PbBr2-termination) 
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Charge Transfer 

 

For applications in organic electronics, the information of charge transfer across 

the interfaces is crucial in dictating device stability and efficiency. The concept of charge 

transfer is important as it indicates which atoms in the system are gaining or losing charge. 

When the atom’s environment changes or if there is charge transfer into atoms or 

molecules[26,61], then there is an energy shift of core levels of an atom. In this section, we 

are trying to find a well-defined connection between the calculated core-level shift and the 

charge transfer between the atoms. The phenomenon of charge transfer from one atom to 

another builds an electrostatic potential modifying the energy needed to eject an electron 

from a core level into the vacuum[61]. Figures 26-29 display the charge transfer on each 

of the atoms in (a) Model A (b) Model B (c) Perfect crystalline I and (d) Perfect crystalline 

II. Nitrogen, carbon, and bromine atoms are all negatively charged whereas all hydrogen 

and lead atoms are positively charged in all four models. It means nitrogen, carbon, and 

bromine gained electrons from other atoms while hydrogen and lead donated electrons to 

other atoms. We see how the value of charge transfer changes from surface atoms to bulk-

like atoms. The most positive ∆Q∗ is +0.809 e for model A and +0.833 e for model B which 

comes from a lead atom. In the case of model A, the value of charge transfer for lead atoms 

near the surface is +0.695 e as depicted in Figure 30.  However, In the case of model B, 

the value of charge transfer for surface lead atoms is +0.842 e as shown in Figure 31. The 

most negative ∆Q∗ is -0.728 e for model A and -0.699 e for model B which comes from 

nitrogen atoms as shown in Figures 32 and 33.  

In the case of perfect crystalline I, the value of charge transfer is the same for carbon 

(-0.513 e), nitrogen (-0.684 e), and lead atoms (+0.80 e). However, in the case of perfect 
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crystalline II, values are different for carbon (-0.511 e, -0.507 e), nitrogen (-0.684 e, -0.713 

e), and lead atoms (+0.790 e, +0.798 e). For differently coordinated atoms of the same 

element, the significant change in the value of charge transfer can help us to track the 

differences in the local environment. 

 

Figure 26: Calculated charge transfer vs. atom number for model A (CH3NH3Br-

termination) 
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Figure 27: Calculated charge transfer vs. atom number for model B (PbBr2-termination) 

 

Figure 28: Calculated charge transfer vs. atom number for perfect crystalline I 
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Figure 29: Calculated charge transfer vs. atom number for perfect crystalline II 

 
Figure 30: Calculated charge transfer for lead atoms for model A (CH3NH3Br-

termination) 
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Figure 31: Calculated charge transfer for lead atoms for model B (PbBr2-termination) 

 

 

 
Figure 32: Calculated charge transfer for nitrogen atoms for model A (CH3NH3Br-

termination) 
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Figure 33: Calculated charge transfer for nitrogen atoms for model B (PbBr2-termination)  
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Bond Order 

 

Using the OLCAO method we can calculate interatomic bonding between every 

pair of atoms represented by AVGBO which indicates the stability and strength of bonds. 

The calculated bond order is depicted in Figures 34-39 for carbon, nitrogen, and lead atoms 

respectively for (a) Model A and (b) Model B. Along the x-axis is the atom number (total 

number of individual atoms present in the slab model). On the y-axis is the value of bond 

order. Figure 34 shows that for Model A, the surface carbon atom has the same value of 

bond order which is 0.192 and the bulk-like atoms have the highest bond order 0.195. For 

Model B, carbon atoms near the surface and bulk-like carbon atoms have the same value 

of bond order i.e., 0.195 as shown in Figure 35. In the case of nitrogen, surface nitrogen 

atoms have the same value of bond order 0.095 for Model A, and nitrogen atoms near the 

surface have a 0.097 value of bond-order for Model B. Lead atoms near the surface have a 

0.065 value of bond order for Model A. For Model B, surface lead atoms have 0.089 and 

0.090 values of bond order, respectively. 
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Figure 34: Calculated average bond order for carbon atoms for model A (CH3NH3Br-

termination) 

 
Figure 35: Calculated average bond order for carbon atoms for model B (PbBr2-

termination) 
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Figure 36: Calculated average bond order for nitrogen atoms for model A (CH3NH3Br-

termination) 

 
Figure 37: Calculated average bond order for nitrogen atoms for model B (PbBr2-

termination) 
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Figure 38: Calculated average bond order for lead atoms for model A (CH3NH3Br-

termination) 

 

Figure 39: Calculated average bond order for lead atoms for model B (PbBr2-termination) 
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CHAPTER 4 

CONCLUSIONS AND FUTURE WORK 

Conclusions 

 

In this thesis, we investigate the density of states, band structure, effective charge,  

and bond order of CH3NH3PbBr3 due to the effect of methylammonium (CH3NH3) 

molecule orientational disorder and different surface terminations of (CH3NH3PbBr3) slab 

models using the in-house developed density functional theory (DFT) based 

orthogonalized linear combination of atomic orbitals (OLCAO) method[37]. The 

calculated density of states result shows that the effect of molecule orientation and surface 

effects leads to significant variations in the core level energy of atoms. Employing an all-

electron OLCAO method we can predict the relative value of the energy of the core levels. 

Computation of density of states (DOS) spectra using DFT-based modeling techniques 

provides a supplement to the experimental findings in terms of explaining the core-level 

and valence level spectra.  

 

Future Work 

 

In the future, we intend to extend this work by running calculations in larger slab 

models. We have constructed two larger slab models with CH3NH3Br and PbBr2 

termination having 177 and 147 atoms, respectively. However, we need to relax those 

models and run electronic structure calculations. Larger slab models will help us to 

distinguish surface and bulk property effortlessly in a single diagram. It helps to elucidate 

surface and bulk characteristics and predict the order of chemical shift for surface and bulk-
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like atoms. Also, we can make an interface model and infer interfacial atomic structure and 

interactions through the DFT calculations which will help to predict the value of chemical 

shift. Experimentally binding energy shifts are explained based on spin-orbit coupling, so 

the inclusion of spin-orbit coupling in the OLCAO method might also be useful in terms 

of explaining core-level spectra and making a theoretical inference to experimental 

measurements. Due to highly advanced supercomputing technology, DFT calculations are 

suitable to give some theoretical inference to experimental measurement. The unrelaxed 

larger slab model with CH3NH3Br and PbBr2 terminations are shown in Figures 40 and 

41, respectively. 

 

 

Figure 40: Unrelaxed CH3NH3PbBr3 slab: CH3NH3Br-termination 

 

 

Figure 41: Unrelaxed CH3NH3PbBr3 slab: PbBr2-termination 
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APPENDIX 

Scanspectra Program Script 

 

To visualize the density of states in the form of an intensity plot, we have written a 

script called “scanSpectra”. At first, using an OLCAO skeleton file (olcao.skl) we run a 

command makeinput -nocore to get the OLCAO data file. No core option must be included 

in the command line to orthogonalize all core orbitals vs. the valence orbitals. After that, 

we run the density of states calculation using the makePDOS command to get PDOS.plot. 

The density of states plot is taken as an input for scanSpectra to produce an output in the 

form of eXtensible Data Model and Format (XDMF). The XDMF output is visualized 

using ParaView software which is an open-source developed by Kitware[62] to analyze 

and visualize scientific data sets. A schematic illustration of the flow of information and 

commands in the OLCAO suite is shown in Figure 42. 
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        makeinput -nocore  

 

        Density of states calculation 

        (makePDOS) 

 

 

       scanSpectra 

 

 

 

         Paraview 

 

 

 

 

Figure 42: Flowchart for scanSpectra 
 

If we have a system with many atoms, it might be hard to interpret the density of 

states plot using some other visualization technique. However, using scanSpectra, we can 

look simultaneously at the surface to bulk behavior of atoms. It also provides a fingerprint 

to infer the positions of an atom. 

  

OLCAO skeleton file 

OLCAO data file 

PDOS.PLOT 

XDMF file 

Display Visualization 
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