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Abstract

Inorganic perovskite solar cells have shown an increasing interest becau-
se of their promising features. A vital factor, the Hole Transport Material
(HTM), still presents different implementation problems. In this Master’s
Thesis, Density Functional Theory is used in order to study CsPb1-xSnxI3
perovskites, Organic Hole Transport Material (OHTM) molecules and the
interface between them. Four different perovskites are studied (x=0, 0.125,
0.875, 1), obtaining their crystal structures, densities of state and band dia-
grams. An organic molecule’s geometry is analyzed and optimized in order
to use it as an OHTM. The OHTM | Perovskite interface and its bonding
and electronic properties are studied.

Resumen

Las células solares de perovskitas orgánicas han mostrado un interés cre-
ciente en los últimos años debido a sus prometedoras características. Un
factor crucial, el Material de Transporte de Huecos (HTM por sus siglas en
inglés), continúa mostrando problemas en su implementación. En este Tra-
bajo de Fin de Máster se utiliza la Teoría del Funcional de la Densidad para
estudiar perovskitas del tipo CsPb1-xSnxI3, moléculas orgánicas como mate-
rial de transporte de huecos (OHTM) y la interfase entre ellas. Se estudian
cuatro perovskitas diferentes (x=0, 0.125, 0.875, 1) y se obtienen sus estruc-
turas cristalinas, densidades de estados y diagramas de bandas. Se analiza
la geometría de una molécula orgánica y se optmiza para utilizarla como
OHTM. La interfase OHTM | Perovskita y sus propiedades electrónicas y de
enlace son estudiadas.

Key words: Solar cells, perosvkite, renewable, DFT, HTM.
Palabras clave: Células solares, perovskita, renovables, Teoría del Fun-

cional de la Densidad, material transportador de huecos.
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Introduction

For the past centuries, a small number of countries have released huge amounts of green-

house effect gases. In the past few decades, this number has increased thanks to the general

improvement of the quality of life in most of the world. However, because of our energetic

and economical model, this has come at great environmental cost. Not only the emission

of greenhouse effect gases has not decreased, but it is still increasing year after year, and

it is expected to do so unless further action is taken [1].

Among such actions, improving the efficiency of solar cells at an affordable price is key

to mitigating climate change impact and to bringing renewable, cheap energy to remote

areas of the world.

As it is shown in Fig. 0.1, silicon solar cells, shown in blue, have had a very stable

efficiency curve for the last couple of decades, with a recent increase in all technologies.

Although this is excellent news, efficiencies around 25 % are very close to the efficiency

limit of a p-n junction solar cell. This limit, called the Shockley-Queisser limit [2], takes a

value of η = 32.23 % for Eg = 1.1 eV, which is the case for silicon.

Figure 0.1: Best research-cell efficiencies. National Renewable Energy Laboratory [3].
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This is why the search for different technologies has increased as silicon solar cells

approached their limit. One of these new technologies is the perovskite solar cell.

Perovskites, discovered in 1839 [4], are materials of formula ABX3 where X is an anion

and A and B are cations of different sizes, A being larger [5]. Typically, A will be an organic

cation, the most common being methylammonium
(
CH3NH+

3

)
. B is an inorganic cation,

usually Pb2+ or, for more recent solar cells, Sn2+, and X an inorganic anion, such as I−

or any halide. Such perovskites constitute a hybrid organic-inorganic crystal. It has been

shown that these structures provide very similar absorbances to inorganic materials, while

allowing for much cheaper manufacturing costs, as well as appropriate band gap values

and good optical properties, which makes them a potentially good solar cell.

For years, big research efforts have been carried out to improve hybrid solar cells perfor-

mance. The most common one has been, for years, methylammonium-lead-iodide (MAPI)

solar cells [5]. Although they have shown good efficiencies, their poor stability - mainly

due to its decomposition into different compounds [6] - and high lead content has made

inorganic perovskites more appealing recently, and it has been found that they also provide

excellent results as photovoltaic devices [7] while increasing their thermal stability [8]. The

organic cation is hence replaced by an inorganic cation, typically Cs+, leading to a CsPbI3
perovskite, as it is the case shown in Fig. 0.2.

Figure 0.2: Left: CsPbI3 cell. Right: CsPbI3 cubic phase structure. Cs is shown in green,
I in purple and Pb in black.

Under standard conditions, perovskites adopt an orthorhombic phase (pnma space

group), which has a wide band gap [9]. When temperatures higher than 563K are reached,

the structure changes to cubic, which corresponds to the Pm − 3m space group. This

structure has a band gap Eg = 1.73 eV for the case of CsPbI3, which is very appropriate

for solar cells, especially for tandem. Achieving stable, cubic structure perovskites at room

temperatures is a key challenge that still needs to be overcome.
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Two different perovskites will be used in this work: CsPbI3 and CsSnI3 (generally

referred to as CsBI3). A lead-free perovskite is included in the study because of environ-

mental reasons. Solar cells - or modules - are mostly built outdoor, meaning they must

be able to work under real conditions. These conditions imply varying levels of humidity,

high UV exposure, temperature changes... [10] The presence of Pb and its extreme toxicity,

combined with the instability of perovskites, raises the question on whether these devices

are safe for humans or not. So far, two strategies are being developed simultaneously:

suitable encapsulation and safer, lead-free perovskite solar cells [11].

However, replacing Pb with Sn is not trivial. It has been shown that Pb is crucial

for proper valence band-conduction band (VB-CB) transitions, hence for high efficiencies

Pb is needed [12]. Stability of the 2+ oxidation state of the group 14 elements decreases

when going up the periodic table [13], making Sn a poorer choice from a stability point of

view. On the other hand, studies have found that replacing part of the Sn by Pb atoms

stabilizes the crystal [14]. Not only does it make the crystal more stable, but adding Sn to

the CsPbI3 - what is usually referred to as CsPb1−xSnxI3 crystals - reduces the band gap

to 1.3 eV [15], making them more appropriate for solar cell implementation. In this thesis,

a CsSnI3 cell will be doped with Pb atoms to study how some properties change, as well

as a CsPbI3 cell will be doped with Sn atoms (CsPb1−xSnxI3/ x = 0.125, 0.875).

Apart from the intrinsic stability of the perovskite, the effect of the hole transport

material (HTM) and the electron transport material (ETM) has been shown to be of great

importance [16]. In Fig. 0.3, the structure of a typical perovskite solar cell is depicted, with

the perovskite in between the HTM and the ETM. While the latter has been more widely

studied and there exist many different materials (TiO2, ZnO, SnO2...) [17], hole transport

materials are still under development. A good HTM must have a good band alignment, so

that there is an efficient charge transfer and electrons are blocked, among other properties.

In this work, we will focus on this characteristic and will study the bonding properties of

an HTM with a perovskite, i.e. the HTM | perovskite interface.

Figure 0.3: Structure of a thin-film perovskite solar cell.
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Among all different HTM possibilities, organic hole transport materials (OHTM) have

become popular in the past years due to their simplicity, consistency and ease of purifica-

tion, which makes them easy to implement in the laboratory [18]. Out of these, the most

common organic molecules are spiro-OMeTAD and poly-triarylamine [19]. Both these ma-

terials present inconveniences, such as low mobility of holes and low conductivity, which

in turn make the preparation process much more complex. This is why the search for

new, better materials has not stopped. In particular, these molecules present low mobility

and conductivity because of their amorphous structure. Designing non-amorphous, high

crystallinity OHTMs among others, could solve this problem while taking the other ad-

vantages. All this so that there are high hole mobilities and good band alignment, which

is what will increase the cell efficiency.

Finding new OHTMs directly in the laboratory can result in endless trial-and-error

experiments, which is why in this thesis we propose to study the structural properties of

an organic HTM, as well as its behavior when in contact with a well known perovskite,

using ab-initio methods, Density Functional Theory in particular.

In this thesis, an OHTM proposed by Hao et al. [18], shown in Fig. 0.4, will be used.

It has been shown that this material can increase the hole transport properties of the HTM

- and so increase the overall cell efficiency - when the perovskite has a MAPI structure.

Our final goal is to study the suitability of this OHTM to be used in CsPbI3 solar cells.

Figure 0.4: Structure of the OHTM molecule.
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Objectives and work plan

The main objectives of this work can be summarized as follows:

1. Review of the many-body quantum mechanics problem and the different methods

and theories proposed to solve it.

2. Understand the computational limitations of the solutions and how to adapt them

to real-life experiments.

3. Describe the perovskite’s electronic and crystallographic structure.

4. Characterize the molecular structure of the hole transport material.

5. Study the OHTM | Perovskite interface.



Chapter 1

Density Functional Theory

In this chapter, the main theoretical aspects of Density Functional Theory are discussed

and its computational implementation. Prior to this, it is crucial to contextualize this

theory within the problems that arise when trying to compute the many-body Schrödinger

equation and the most important approximations proposed to solve it.

1.1 The Many-Body Schrödinger Equation

The Schrödinger Equation offers the evolution over time (if time dependent) of a wave

function. In order to describe the behavior of the electrons in a set of atoms -say, a

crystal-, we will make use of the so called Many-Body Schrödinger Equation.

Let us define identical particles as those with the exact same intrinsic properties (mass,

spin, charge...). As a consequence, when a physical system contains two or more identical

particles there is no change in its properties or its evolution if they are exchanged.

H (...i...j...) = H (...j...i...) (1.1.1)

It is then possible to take a system with N electrons and write the time-independent

Schrödinger Equation as

ĤΨ (r1, r2...rN ) = EΨ (r1, r2...rN ) (1.1.2)

where Ĥ is the Hamiltonian of the system, E is the energy eigenvector and ri are the

position vectors of each electron. For notation simplification, operators such as Ĥ or V̂

will be written as H and V .

For N electrons in a nuclear potential V the Hamiltonian will be given by

H =
−1

2

∑
i

∆i +
∑
i

V (ri) +
∑
i 6=j

1

|ri − rj |
(1.1.3)

6
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The first terms adds for the kinetic energy of the electron, the second term is due to the

central potential of the nucleus and the third one is the Coulomb interaction between elec-

trons. We are using the Born-Oppenheimer approximation [20], where we take the nucleus

to be motionless because of its heavy mass. This is similar to working at temperatures

near the absolute zero. Note that m = e = ~ = 1
4πε0

= 1.

The next step is then to obtain the wave function of the system. For an N-identical-

fermionic system, the antisymmetrical wave function Ψ is given by the Slater Determinant:

ΨF (1...N) =
1√
N !

∣∣∣∣∣∣∣∣∣∣∣

ψ1 (r1) ψ1 (r2) . . . ψ1 (rN )

ψ2 (r1) ψ2 (r2) ψ2 (rN )
...

. . .

ψN (r1) ψN (r2) ψN (rN )

∣∣∣∣∣∣∣∣∣∣∣
(1.1.4)

This differential equation, although it may appear simple, is impossible to solve for the

case of our study. A mole of solid, say, silicon, contains N ∼ 1024 electrons, each with

three degrees of freedom. Furthermore, all electrons are correlated through the Coulomb

interaction. It is thus crucial to find an approximation that allows us to solve this problem

while losing as little information as possible.

1.1.1 The Hartree and the Hartree-Fock Methods

Douglas Hartree (1897-1958) proposed in 1928 a way to solve the many-body Schrödinger

equation [21]. As an ansatz, he proposed that the wave equation of an N particle system

can be written as

Ψ (r1, r2...rN ) = ψ1 (r1)ψ2 (r2) ...ψN (rN ) (1.1.5)

It follows immediately that these N particles are independent, since this wave function

does not follow the Pauli exclusion principle: Ψ is not antisymmetric for an interchange of

any two electron coordinates.

If the electrons are independent, they cannot be treated as if they were interacting with

each other via Coulomb interaction, but via a mean-field Coulomb potential. Mean-field

theories replace all interactions with an effective interaction. In our case of study, instead

of having interacting electrons, we can have a system where each electron sees a positive

charge from the nucleus, screened by the charge of the remaining electrons, yielding an

effective nuclear charge of Z − σ(r). The mean potential seen by the i-th electron is hence

given by

Vi (ri) = −Z 1

ri
−
ˆ
dr′σ

(
r′
) 1

|r− r′|
(1.1.6)
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where σ (r) =
∑

i |ψi (r)|2.
This potential allows to solve the Schrödinger equation, but it does not provide very

good results, mainly because the proposed wave function 1.1.5 is not antisymmetric. A

better solution is hence found by forming a Slater determinant, as seen on 1.1.4. With this

new ansatz, electrons are decoupled, and so we can obtain the Hartree-Fock equations [22]:

[
−1

2
∆i + Vnucleus (r) + VCoulomb (r)

]
ψi (r)−

∑
i 6=j

δmSi
,mSj

Vexchange (r) = εiψi (r) (1.1.7)

where

Vexchange (r) =

ˆ
dr′

1

|r′ − r|
ψ∗j
(
r′
)
ψi
(
r′
)
ψj (r) (1.1.8)

which is very similar to the Coulomb term, but it only acts on electrons with the same

spin. This potential is a direct result of Pauli’s exclusion principle, which manifests as a

repulsing force between electrons with the same spin. This new term, which did not appear

in the Hartree approximation because we did not use an antisymmetric wave function, adds

complexity to the problem, but it is still solvable. However, the Hartree-Fock method still

neglects many energy contributions and is mathematically difficult to deal with.

This is why, in order to solve our problem, none of these methods are practical. Instead,

we will make use of the Density Functional Theory.

1.2 Density Functional Theory

The wave function seems to be the biggest inconvenience to solve our problem. If it is

too complex, it cannot be solved, and if it is too simple, it will neglect important energy

contributions.

Let us now imagine that we want to solve the problem numerically. N electrons are

populating a n × n × n grid. There are hence 3N degrees of freedom, and so the wave

function will escalate in complexity as Ψ
(
n3N

)
. For a simple CO2 molecule, with only 22

electrons, and a simple grid 2× 2× 2 the wave function will contain 266 terms, something

impossible to work with.

The solution will thus be to find a more manageable quantity. Density Functional

Theory (DFT from now on) takes the electron density as the main variable. Electron

density will always be a function of three space coordinates, and not 3N as for the previous

case. This is already a significant reduction in the complexity of the problem. We will use

the Kohn-Sham equations to go from an interacting-electron system to an equivalent one

where the electrons do not interact, but move within an effective potential Vext (r).

The Hohenberg-Kohn-Sham formulation of DFT is the most common technique, since
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it was Walter Kohn and Pierre Hohenberg who set a solid basis for its development in the

form of two theorems [23].

Theorem 1.1. The external potential Vext (r) of a system of interacting electrons is a

functional determined uniquely by the ground-state electron density n0 (r). All ground state

properties are hence determined only by n0 (r).

The first theorem proves that the total ground state energy expression, which can be

written as E0 [n0 (r)], exists generally and is expressed as

E0 [n0 (r)] ≡
ˆ
drn0 (r) v (r) + T [n0 (r)] + Vee [n0 (r)] (1.2.1)

The first term refers to the external potential and depends on the actual system. On

the other hand, the last two terms are independent from other variables such as Z, and so

we refer to them as universal. Therefore we rewrite 1.2.1 as

E0 [n0 (r)] ≡
ˆ
drn0 (r) v (r) + FHK [n0 (r)] (1.2.2)

where FHK [n0 (r)] is called the Hohenberg-Kohn functional. For any given n (r),

FHK [n (r)] provides the expectation value
〈

Ψ
∣∣∣(T̂ + V̂ee

)∣∣∣Ψ〉, which is the energy opera-

tor with the ground state wave function Ψ for the given density, and so it is also common

to see this expression written as

FHK [n (r)] = min
ψ→n(r)

〈
Ψ
∣∣∣(T̂ + V̂ee

)∣∣∣Ψ〉 (1.2.3)

We have thus found a way to obtain the so sought-after wave function. If FHK [n (r)]

could be determined precisely, then the Schrödinger equation would be solved. Unfortu-

nately, the form of FHK [n (r)] is not known [24].

Theorem 1.2. The functional delivers the ground state energy of the system if and only

if F [n (r)] = F [n0 (r)].

Until now, we have found a way to calculate the ground state energy for a density

n (r) through E0 [n (r)]. We now know that, for all allowed densities, E0 [n (r)] yields a

minimum value only if n (r) = n0 (r). They do not however describe how to obtain the

ground state density. In order to do so, we will use the Kohn-Sham formulation [25].

1.2.1 Kohn-Sham Formulation

We are now going to map the electronic interacting system onto a non-interacting system.

These new fictitious electrons can move within this system due to an effective Kohn-Sham

single-particle potential VKS (r), so long as they generate the same ground state density as
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the interacting system did. No information is lost, since so far we have only implemented

a mean-field.

Kohn and Sham [25] proposed an effective potential of the form of

VKS (r) = Vext (r) + VH (r) + VXC (r) (1.2.4)

where VH (r) is the Hartree potential, which refers to the Coulomb interaction of the

electron density with itself, and VXC (r), which accounts for the difference between the

exact total energy and that which comes from known sources. Physically, it refers to many

body interactions and Pauli exclusion principle energy (the closer two particles with the

same quantum numbers are, the greater the repulsing force will be).

The total energy functional can hence be written as

E [n (r)] =

ˆ
drn (r)Vext (r) +

1

2

ˆ ˆ
drdr′

n (r)n (r′)

|r′ − r|
+ T [n (r)] + EXC [n (r)] (1.2.5)

In principle, solving this equation would provide the exact ground state of the system,

but knowing EXC is not possible. In DFT calculation, VXC is approximated.

For an N non-interacting electron system, the Kohn-Sham equations are

[
−1

2
∆ + VKS [n] (r)

]
ψi (r) = εiψi (r) (1.2.6)

and the density is calculated as

n (r) =
N∑
i=1

|ψi (r)|2 (1.2.7)

The iterative approach, shown as a flowchart in Fig. 1.1, is thus:

1. Start with an electron density n0 (r) and calculate each of the potentials that make

VKS (r) separately.

2. Solve 1.2.6 and calculate the eigenvalues of the Hamiltonian εi and eigenvectors ψi (r).

That is, calculate the orbitals of the fictitious electrons.

3. Calculate the new ground state density n′0 (r) using 1.2.7.

4. If |n0 (r)− n′0 (r)| ≤ a , with a being any convergence criterion, then stop. If not,

try a new n0 (r) and repeat.
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Figure 1.1: Flowchart of the Kohn-Sham formulation.

1.2.2 The Plane-Wave approximation

Explaining Bloch’s Theorem [26] allows us to understand the Plane-Wave approximation

and how it is implemented to solve the Kohn-Sham DFT formulation .

For electrons in a perfect crystal - this is, a periodic potential V - every wave function

ψ of an electron in the band n can be written as

ψn (r) = exp (ik · r)un(r) (1.2.8)

where u (r) = u(r + T ), where T is any translation vector of the lattice and k is any

vector constrained within the first Brillouin zone [27].

Because of the periodicity if the vector u, it is possible to express it in terms of the

reciprocal lattice vectors, this is, in terms of a different basis:

un (r) =
∑
G

cn,G exp (iG · r) (1.2.9)

where G are reciprocal space vectors and cn,G are the coordinates in the new basis.

This can also be seen as the Fourier-Transform of the u (r) vector, going from the real

space to the reciprocal space. It then yields:

ψn (r) =
∑
G

cn,(G+k) exp (i (G + k) · r) (1.2.10)



12 1.2. Density Functional Theory

With this formulation is is possible to solve the Schrödinger Equation of an infinite

system so long there is periodicity. However, the number of k-points we can choose is, in

principle, infinite.

In order to implement this method and calculate the Bloch wavefunctions, a discrete

set of k-points is taken - usually an equally spaced mesh -, and so the problem is now of

the order of the number of electrons in the primitive cell.

By taking a closer look to 1.2.10 and G vectors, we realize that the sum is infinite.

That is, plane-waves lay within an infinite dimension space. There must exist a criterion

to truncate this basis so that we work with a finite dimension [28]. This criterion is the

cutoff energy, or Ecut, which is calculated so that

Ecut ≥
1

2
|k + G|2 (1.2.11)

In principle, accuracy can be improved both by increasing Ecut and the number of

k-points N , but as it can be seen in Fig. 1.2 the energy difference between a cell with N

k-points and one with N + 1 rapidly converges to zero, just as it happens with increasing

Ecut.

Figure 1.2: Up: Energy difference with respect to the minimum energy for different k-point
grids of size N×N×N. Down: Energy difference with respect to the minimum energy for
different cutoff energies.
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It is also possible to use the Plane-Wave Approximation for molecules and non-periodic

systems in general. Instead of periodic cells, “supercells” are used, which guarantee there is

enough vacuum between molecules. As a result, each molecule behaves as if it were alone

in space, since it is too far away from its neighbors to interact with them. Hence, what

appeared to be a limitation of the Plane-Wave Approximation can be easily solved.

1.2.3 The Pseudopotential Approximation

In the previous section, electrons have been treated as if they were all the same. However,

in an atom, there are some electrons more difficult to work with than others. Close to the

nuclei, the potential - and, in particular, Coulomb potential - suffers from rapid variation.

Such variations imply that the wavefunctions of two electrons placed almost in the exact

same spot will also be very different. In order to solve this, there would have to be a very

big basis for each electron, with its corresponding computational cost.

However, if one thinks of the physics of the problem, core electrons rarely influence the

physical properties of the system. It is valence electrons which we care about, and so it is

possible to replace the steep potential that affects the core electrons for a weaker one, as

it is shown in Fig. 1.3. This way, the amount of wavefunctions is greatly reduced without

affecting the final result too much.

Figure 1.3: Schematic representation of the all-electron wave function and potential
(dashed lines) and the pseudo-wavefunction and potential (solid lines). Adapted from
[29].



Chapter 2

Methods

There exists a vast number of methods when implementing DFT. Because of the limita-

tions that have already been discussed - among them, the number of k-points, the use of

pseudopotentials or the absence of an exact exchange-correlation functional - the method-

ology that has been followed in this thesis must be explained so that the results can be

understood.

2.1 Perovskite’s electronic-structure calculations

All calculations were obtained using DFT, as implemented in the Vienna Ab Initio Simula-

tion Package (VASP) [30]. Projector-Augmented-Wave (PAW) Pseudopotentials are used

to describe electron-core interactions, in what is known as PAW method [31][32]. Perdew-

Burke-Ernzerhof (PBE) exchange-correlation functional are used [33], which is part of a

group of XC functionals called generalized gradient approximation (GGA) . The energy

cutoff of the plane-wave expansion is calculated automatically with high precision for each

case: VASP reads the energy cutoff of each of the exchange-correlation functional files and

takes the highest one.

Γ centered k-point meshes were generated using the Monkhorst-Pack scheme [34]. A

8×8×8 grid was used to calculate the relaxed cell electronic-structure and a 10×10×10,

more precise, was used to calculate the density of states (DOS). When calculating band

diagrams, the k-point mesh is set manually, specifying the coordinates of each k-vector.

In Fig. 2.1, a 4 × 4 k-point mesh is represented. The Monkhorst-Pack scheme will apply

all symmetry operations to this mesh and will not consider all 16 points, but only the

irreducible ones. In the shown example, only three of them are irreducible and they will

have different weights in the following calculations.

In order to relax the cell into the local energy minimum the IBRION tag is implemented.

IBRION sets how the ions are updated and moved and, for this work, IBRION=2 is used.

It uses a conjugate-gradient algorithm to relax the ions into their instantaneous ground

14
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Figure 2.1: Representation of a 2D square Bravais lattice of reciprocal vectors bi with a
16 k-point mesh.

states [35]. It will move the ions and change the shape of the cell in order to find smaller

energies. Other algorithms exist (IBRION=1, 2, 3...), but the general recommendation for

complex relaxations.

Two different materials will be studied: CsPbI3 and CsSnI3 perovskites. Each of their

electronic-structures will be calculated for a cubic cell, of 8 atoms, a supercell, of 40 atoms,

and supercells were a Pb/Sn atom has been substituted by a Sn/Pb atom, making them

CsPb1−xSnxI3/ x = 0.125, 0.875. The differences between the materials and the structure

selected, as well as the effect of atomic substitutions, will be studied. The supercell is built

by multiplying by two each of the lattice vectors of the unit cell.

A supercell is studied so that there can be doping. The number of atoms must be

large enough so that an appropriate proportion of Sn/Pb atoms can be included in the

cell. Computationally, doping is simulated as a substitution of a Pb/Sn atom for a Sn/Pb

atom. In this work, this ration will be of one atom substituted for every eight Pb/Sn atom.

In DFT, time is not a variable, i.e. the crystal is fixed in time. This is the same as

working at 0 K. All results are obtained for a fixed snap-shot of the crystal, in this case,

the cubic lattice of CsBI3.

2.2 Organic Hole Transport Material calculations and vibra-

tional frequencies analysis

As a first approximation, the OHTM will be studied from the molecular structure point of

view only, and so we will refer to it as the molecule. All molecule calculations were obtained

using DFT, but this time as implemented in ORCA [36]. Hybrid functionals are used to

approximate the exchange-correlation functional. These functionals are widely used for

molecular properties calculations [29]. They combine exact exchange with semi-empirical
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fitting. Among those, the most common one is the Becke, 3-parameter, Lee-Yang-Parr

hybrid functional (B3LYP), which is the one used in this work.

In ORCA, instead of setting an energy cutoff which limits the amount of plane-waves of

the basis, a basis set is directly implemented. The basis will not be constructed using plane-

wave functions, but atomic orbitals, which are built as lineal combinations of Gaussian-

type orbitals (GTOs). In our case, polarization functions are added for a better chemical

bonding modeling. The chosen basis is 6-31G*. Pople basis sets [37] have a notation

X − Y ZG, where X is the number of Gaussians that comprises core atomic orbitals; Y

and Z refer to a split-valence set, which means that valence orbitals are represented by

two basis functions, one by a linear combination of Y Gaussian functions and the other

one by Z functions. * implies that polarization functions are used.

Prior to optimizing the molecule’s structure, a good starting point needs to be found.

This is done to avoid landing on a local energy minimum or a saddle point of the potential

energy surface. If a bad starting point is chosen, ORCA might find energy minimum

points nearby, but those minima will likely be local minima, not knowing that there are

other configurations that provide lower energy results. Not only this, picking a good

starting structure will speed up the calculations. To do this, the different dihedral angles

of the molecule are studied separately. For each dihedral angle, small, 15 o rotations are

performed. The energy results are represented, and the starting point will be built by

taking the dihedral angles that provide the minimal energy.

Although it is true that the difference between two consecutive dihedral angles is big,

of 15 o, and that these molecular subdivisions will interact with each other when the whole

molecule is being studied, what we are looking for is a good starting point, not the definitive

structure.

Once the initial structure is obtained, a geometry optimization is performed using

ORCA, which will study the molecule’s energy while varying its geometry.

Since this could still be a local minima or a saddle point, a vibrational frequencies

analysis is performed.

Molecular vibrations can be studied with Newtonian mechanics. Each vibration is seen

as a spring with force constant k, following Hooke’s law. The vibration modes of a three-

atom molecule can be seen in Fig. 2.2. This way, the force of an anharmonic oscillator

is

F = −kQ (2.2.1)

Because of Newton’s second law

F = µ
d2Q

dt2
⇒ µ

d2Q

dt2
+ kQ = 0 (2.2.2)
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Figure 2.2: Vibration modes of a three-atom molecule seen as an anharmonic oscillator.

Which can easily be solved, yielding

Q(t) = Acos (2πνt) ; ν =
1

2π

√
k

µ
(2.2.3)

Let us now expand the electronic energy in a Taylor series:

V (Qi) = V (0) +
∑
i

(
∂V

∂Qi

)
Qi +

1

2

∑
j,i

QjHj,i + ... (2.2.4)

Where Qi is the displacement of the ith coordinate and Hj,i is the Hessian matrix, so

that Hj,i = ∂2V
∂Q2

i
. This Taylor expansion can be truncated in its second term, in what is

known as the Harmonic Approximation [38]. If the first derivative is zero then the potential

energy surface is at a minimum, a maximum or a saddle point. If all Hj,i are positive, then

it is a minimum.

The potential energy of a spring follows

k =
∂2V

∂Q2
i

(2.2.5)

and so a negative term in the Hessian means k < 0. Since ν ∝
√
k, this means that,

if the molecule is not successfully optimized, after a vibrational frequencies analysis imag-

inary frequencies will be found. In ORCA, imaginary frequencies are written as negative

frequencies, which has no actual physical sense.
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2.3 Studying the Organic Hole Transport Material | Per-

ovskite interface

As a first approximation, the interface will be studied as an adsorption process of the

organic molecule and the perovskite’s surface. Since the properties of both the molecule

and the crystal will change when considering the interactions between them, they need to

be characterized again. To do this, a relaxation routine will be implemented using VASP.

PAW potentials are used for each atomic species, as well as PBE exchange-correlation

functionals. Because of the number of atoms our problem consists of (641 atoms), the

precision of the routine will have to be reduced. The k-point mesh will consist of a 1×1×1

grid and the volume of the cell will remain constant, only displacing atoms (ISIF=2). To

be able to work with the plane-wave approximation that VASP uses, the molecule will be

placed on top of a crystal supercell, big enough so that, when it replicates, the molecules

will not interact with each other.

Once the molecule and the perovskite have been relaxed together, it is possible the

molecule will adopt a different structure than it did when it was alone, i.e. gas-phase

optimized geometry. This is why this relaxation will be studied with both the initial

geometry molecule and the optimized molecule. Furthermore, the gas-phase molecule may

not be suitable as a HTM [18]. There will have to be a discussion on whether or not the

optimized molecule’s structure is more ideal to bond with the perovskite than the initial

structure was, since, albeit energetically more favorable, to bond with the perovskite the

molecule must have a proper structure.

However, the question arises: how are the molecule and the crystal going to be joined

together? For example, the molecule could be located on the (001) plane, or the (110),

or the (111)... In Fig. 2.3, three perovskite structures are shown, corresponding to Miller

indices (001), (110) and (111).

Figure 2.3: Some perovskite’s possible surfaces. From left to right: (001), (110) and (111)
planes.

Note that two surfaces are equivalent due to periodic boundary conditions: (001) and
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(100) share the same atomic structure. Not only this, they terminate in PbI2, not con-

taining Cs atoms (in green). In Fig. 2.4, the first atomic layer of the (100) plane is

shown.

Figure 2.4: (100) plane showing one atomic layer only. There are no Cs atoms on this
layer, which consists of I (in purple) and Pb (in gray) atoms.

Both these interfaces must be contained in the supercell so that a macroscopic electric

field normal to the surface does not appear [6]. These surfaces are neutral, in contrast with

those that contain Cs atoms: those surfaces would cause Cs dangling bonds, generating

an electrostatic energy. This is very important because the periodic model cannot be

implemented in a non-neutral interface.

The studied interfaces will hence be of the type PbI2 (001) − molecule. VASP will

perform a relaxation routine and both the crystal’s surface and the molecule will change

their geometry so that a bond is created. We will know that a bond has indeed appeared

if the energy of the relaxed structure is smaller than the sum of the molecule’s and the

crystal’s energies taken separately.

Finally, the density of states of the interface will be studied using the same computa-

tional parameters as those used for the relaxation.
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Results

The main results obtained in this thesis are now presented. First, the structure of the

molecule is calculated, as well as the electronic-structure of the different cells. After this,

the structure of the molecule is studied to finally attach both the crystal and the molecule

together, with its corresponding analysis.

3.1 The CsPb1-xSnxI3 perovskite (x = 0, 0.125, 0.875, 1)

A summary of the crystal structure of the studied perovskites is shown in Table 3.1. These

calculations were performed for cubic cells and supercells of the type CsPb1−xSnxI3.

Cell structure a
(
Å
)

V
(
Å3
)

d1

(
Å
)

d2

(
Å
)

Eg (eV)

Cubic cells

CsPbI3
Exp. 6.41 263.89 4.54 3.21 1.73

DFT 6.38 260.24 4.51 3.19 1.47

CsSnI3
Exp. 6.29 248.41 4.45 3.14 1.3

DFT 6.27 246.72 4.43 3.14 0.46

Supercells

x = 0 DFT 6.41 2111.09 4.53 3.21 1.50

x = 1 DFT 6.27 1974.12 4.44 3.14 0.46

x = 0.125 DFT 6.37 2066.91 4.50 3.19 1.27

x = 0.875 DFT 6.28 1980.71 4.44 3.14 0.55

Table 3.1: Most important crystallographic results. d1 is the distance between Cs and I. d2
is the distance between the second cation, Pb/Sn, and I. Experimental results are obtained
from [11], [39], [40] and [41].

20
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3.1.1 Cubic cells for CsBI3 (B=Pb, Sn)

These cells consist of 5 atoms. They were first relaxed by changing both ionic positions and

cell volume. Once relaxed, their electronic structure was obtained and both the density

of states and the band diagram were calculated with the help of Vaspkit [42]. In Fig. 3.1

and 3.2 the band diagram and density of states - as well as the projected density of states

(PDOS) of each element - are shown. For all energy diagrams, the Fermi energy (EF ) is

set as the origin.

Figure 3.1: Band diagram and DOS for a relaxed CsPbI3 cubic cell. The axes are shifted
so that EF = 0 eV.

The same crystal structure was used for both CsPbI3 and CsSnI3. The position of

the atoms was taken from Materials Project [39] for the Pb cell, and that of CsSnI3 was

obtained by replacing every Pb atom by a Sn one. This can be done because the crystal

geometries should be very similar since Sn and Pb belong to the same atomic group.

Furthermore, the cells will be relaxed, and so it is expected that the CsSnI3 lattice vectors
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will change appropriately. As it can be seen in Table 3.1, this assumption was correct, and

the lattice constant a has relaxed to almost the experimental one. The same can be said

for the volume and bonding distances, all very close to the experimental values.

Figure 3.2: Band diagram and DOS for a relaxed CsSnI3 cubic cell. The axes are shifted
so that EF = 0 eV.

As with most GGA calculations, the band gap is severely underestimated. Most no-

tably, the CsSnI3 band gap is much smaller than the experimental one (see Table 3.1).

This is something inherent to the method used and can only be avoided by using other

functionals and potentials. However, the computational cost and the added complexity

makes them hard to implement.

For materials like Sn and Pb (6s, 6p systems) it is crucial to include spin-orbit coupling

(SOC) [41], among other effects, in order to obtain credible results. Not taking the SOC

into account leads to higher band gaps, since the bands split less and remain further away

from each other. This effect is much stronger for the CsPbI3 perovskite, and that is possibly
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why the calculated band gap is much closer to the experimental one than for CsSnI3. We

can thus conclude that it is an accumulation of errors what has made the CsPbI3 band

gap close to the experimental one, and not by the means of our chosen method only.

Despite this, GGA exchange-correlation potentials do bring other good results. For

example, both band diagrams show a direct band gap, and the cell volume V lies close to

the experimental value.

The DOS results show very little contribution from the Cs electrons around the Fermi

energy level. Sn/Pb become much more relevant in the conduction band, with I being

predominant in the valence band. Note that the addition of Cs, I and Pb densities of

state do not add up to the total one. This is because what is being shown is the projected

density of states of each element onto the orbital.

The contribution of some Pb and I orbitals to the DOS is shown in Fig. 3.3 and 3.4.

Figure 3.3: Contribution of p and dx2 orbitals to the total DOS of Pb on a CsPbI3 cubic
cell.

Figure 3.4: Contribution of p and dx2 orbitals to the total DOS of I on a CsPbI3 cubic
cell.
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As it can be seen, the valence band contributions are mostly made of I and Pb p

orbitals. Other orbitals, such as dx2 , have rather small contributions in the conduction

band, and even non existent in the valence band for the case of I. Fig. 3.3 shows how

important Pb energy levels are for valence band - conduction band (VB-CB) transitions.

This is another reason why getting rid of all Pb is not good for cell efficiency.

Overall, good correspondence between experimental and computational results is found.

The band gaps are smaller due to the computational methods used, just as expected, but

still a direct band gap is obtained. The shape of the band diagram is hence correct, whilst

some bands should split into several ones had SOC been taken into account. Another

important result is the p-like conduction and valence bands, with little contribution of the

d orbitals in the latter.

3.1.2 Supercells for CsBI3 (B=Pb, Sn)

This time the cells consist of 40 atoms. A reproduction of this supercell can be seen in

Fig. 3.5. The rest of the calculations are done in the same way as in the previous case.

Figure 3.5: CsPbI3 perovskite supercell structure.

Once a small cell has been studied, it is possible to join a number of them together

and study its characteristics. Doing this will provide better, more realistic results, and will

also set the basis for the next chapter of the thesis. Because of how the plane-wave model

works, in order to study the behavior of a molecule and a crystal, the molecule needs to

be far away from the borders of the lattice, so that, when VASP replicates the structure

in all space directions, the molecule will not be able to see its neighbors.

Once again, the CsSnI3 atomic structure was obtained from that of CsPbI3, and so

after relaxing the supercell it is expected to find bigger differences with respect to the

original one.



Chapter 3. Results 25

Figure 3.6: Band diagram and DOS for a relaxed CsPbI3 supercell. The axes are shifted
so that EF = 0 eV.
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Figure 3.7: Band diagram and DOS for a relaxed CsSnI3 supercell. The axes are shifted
so that EF = 0 eV.

Note that the band diagrams of the supercells show many more bands than those of

the cubic cell. This is due to the presence of more electrons in the lattice, resulting in more

available energy levels. The same can be seen in the DOS graphics, which reaches values

higher than the cubic cell did. Of course, with more energy levels available, there will be

more energy states per unit of volume too.

As expected, the calculated band gaps and the inter-atomic distances do not change

when taking supercells instead of cubic cells.

3.1.3 Effect of the substitutional doping of Pb and Sn (x = 0.125, 0.875)

Once again, the supercell consists of 40 atoms, only this time one Pb/Sn atom has been

substituted by a Sn/Pb atom to study the effect on the cell parameters.
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Figure 3.8: Band diagram and DOS for a relaxed CsPbI3 supercell where one Pb atom has
been replaced with a Sn atom. The axes are shifted so that EF = 0 eV.
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Figure 3.9: Band diagram and DOS for a relaxed CsPbI3 supercell where one Sn atom has
been replaced with a Pb atom. The axes are shifted so that EF = 0 eV.

In both Fig. 3.8 and 3.9, the contribution of the substituted atom to the DOS is very

small. This is an expected result, since only one Pb/Sn atom out of the 8 that form the

supercell is substituted by a Sn/Pb atom. However, its effect on the band gap and volume

of the cell is noticeable, and can be seen in Table 3.1.

The band gap of the CsPbI3 crystal is reduced by more than 0.2 eV, as well as that of

CsSnI3, which increases about 0.1 eV. The volumes also change slightly, increasing for the

CsSnI3 structure and decreasing for the CsPbI3 crystal. This is caused by substituting one

atom only, and its effect is already noticeable. A reduction in the band gap of the CsPbI3
perovskite brings it closer to photovoltaic devices standard values, possibly making it more

efficient under the solar spectrum.
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3.2 The Organic Hole Transport Material

3.2.1 Analysis of the Organic Hole Transport Material geometry

As explained in section 2.2, and as it is illustrated in Fig. 3.10, the molecule is built by

manually studying the energy of the dihedral angles of different divisions of the molecule.

Four dihedral angles are studied, tagged with numbers 1, 2, 3 and 4. The result of this

study can be seen in Fig. 3.11.

Figure 3.10: Different rotational barriers being studied. Each number refers to one of the
dihedral angles. 1: OCH3 −Benzene. 2: Thiofene-Benzene. 3: 1st Benzene-N-Benzene. 4:
2nd Benzene-N-Benzene.

Figure 3.11: Variation of the energy difference with the dihedral angle for the various
studied barriers.

The molecule is hence built by taking the dihedral angles that result in the energy

minima (30/150 o for the first one and 90 o for the rest). The initial structure is thus as

shown in Fig. 3.12.
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Figure 3.12: Initial structure of the molecule that will be optimized using ORCA.

This molecule, which should be close to the relaxed structure, is now optimized using

ORCA, resulting in Fig. 3.13.

Figure 3.13: Optimized structure using ORCA.

A comparison between both geometries and previous computational results obtained

by Hao et al. [18] is shown in Table 3.2. All analyzed variables are depicted in Fig. 3.13.

d1 (Å) d2 (Å) φ1 (o) φ2 (o)

not-opt. 2.85 2.84 30.0 30.0

opt. 2.83 2.80 −23.0 26.9

exp. 2.80 2.79 −23 −23

Table 3.2: Comparison between the non-optimized molecule’s structure, the optimized one
and the results found at [18].
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As it can be seen, both d1 and d2 do not change much and are quite similar to the

bibliographic references. On the other hand, φ1 changes notably, making it much more

similar to the result obtained by Hao et al. There is thus a problem with φ2, which remains

almost the same.

The vibrational frequencies analysis showed that a considerable amount of them were

imaginary, i.e. the molecule, or at least part of it, had not relaxed to its absolute minimum,

but to a local minimum.

Because of this big difference in φ1 and the disappointing vibrational analysis results a

different molecule is proposed. This time, φ′2 is set at −30 o, which is closer to where the

final result should be. We will refer to this new molecule as “molecule 2”, which is shown

in Fig. 3.14 and, to the previous one, as “molecule 1”.

Figure 3.14: Initial structure of molecule 2.

To know whether or not this new molecule is energetically more favorable than the

previous one, its single point energy is calculated and compared with that of molecule 1 in

Table 3.3.

E (eV/mol) ∆E (eV/mol)

Mol. 1 −68211.1968 −0.0008
Mol. 2 −68211.1976

Table 3.3: Comparison between the energies of molecules 1 and 2 before optimizing and
energy difference.

These results show that molecule 2 is energetically more favorable than molecule 1, and

so molecule 2 is relaxed. Its optimized structure is shown in Fig. 3.15.

A comparison between both geometries and the experimental molecule is shown in

Table 3.4.
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Figure 3.15: Optimized structure of molecule 2 using ORCA.

d′1 (Å) d′2 (Å) φ′1 (o) φ′2 (o)

not-opt. 2 2.85 2.84 30 −30

opt. 2 2.81 2.81 −24.3 −24.6

exp. 2.80 2.79 −23 −23

Table 3.4: Comparison between the non-optimized molecule’s structure, the optimized one
and the results found at [18] for molecule 2.

Distances d′1 and d′2 are once again very close to the reference results. However, both

angles φ′1 and φ′2 are this time very close to those found by Hao et al. A vibrational

frequencies analysis must be carried out for the optimized structure of molecule 2. However,

due to heavy computational cost it was not possible to execute this calculation.

These results were obtained for isolated molecules, i.e. gas phase. This implies that

the geometry that the HTM will adopt when it is bonding with the perovskite will most

likely change. This way, when selecting the most optimal geometry, energy should not be

the only variable taken into account. By looking at Fig. 3.12 and 3.14 we realize that the

position of the oxygen atoms (in red) allows for two bonds with the crystal, which would be

underneath the molecule. On the other hand, Fig. 3.13 and 3.15 show not so symmetrical

molecules and, if the crystal were underneath it, only one of the oxygen atoms would be

able to bond. Considering this and the unsuccessful vibrational frequencies analysis, these

molecules cannot be thought as good bonding structures for the perovskite.
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3.3 Organic Hole Transport Material | Perovskite interface.

Geometry optimization and binding energies

As it was explained before, to study the structure of both the molecule and the perovskite

and their bonding properties, a big enough supercell needs to be used so that the plane-

wave approximation can be implemented. We will refer to this supercell as the perovskite’s

surface. This is, the surface of the perovskite that would be in contact with the HTM (see

Fig. 0.3). Considering the 89 atoms of the molecule and the 552 of the perovskite, there

are 641 atoms in the interface. This is why a small, 1× 1× 1 k-point grid is used.

The supercell is built by taking three cubic cells on the x axis and two on the y axis - a

2×3 supercell. The molecule’s length is about 20 Å with the supercell being 35 Å wide and

40 Å high. We can thus assure that the molecule will not interact with the self-replicating

molecules. The perovskite’s surface can be seen in Fig. 3.16.

Figure 3.16: Perovskite’s supercell projection on the Y plane. The black rectangle is the
limit of this structure, which will replicate in all space directions.

Two interfaces are studied, all using the same perovskite’s surface. For the HTM, the

initial geometries of molecules 1 and 2 will be used. Correspondingly, these interfaces will

be named 1 and 2. The molecule is placed in a way that two oxygens are right above two

lead atoms. A bond between these to atoms is expected to appear because of their valence

number (-2 for O and +2 for Pb). Other options, such as placing the oxygens above iodine

atoms, were discarded. The distance between the O and Pb atoms must be small enough

for them to interact, and so an initial distance of 2.5 Å was taken.
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energies

The initial structure of interface 2 is shown in Fig. 3.17.

Figure 3.17: Initial structure of interface 2.

These two interfaces are now relaxed until convergence is achieved. The final structure

of interface 2 is shown in Fig. 3.18.

Figure 3.18: Relaxed structure of interface 2.

An energy analysis must be carried out to know whether or not a bond has indeed

appeared. If the energy of both the crystal and the molecule, taken separately, is higher

than that of the relaxed structure, then a bond has indeed appeared. In Table 3.5, the

energies of both interfaces are shown, taken separately and together after relaxation, as

well as the bonding energy.

Interface Emol. + Eper. (eV) Einterface (eV) Ebond (eV)

Interface 1 −2117.78 −2124.37 −6.59

Interface 2 −2117.78 −2123.87 −6.09

Table 3.5: Comparison between the energies of interfaces 1 and 2.
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Both energies are smaller when taken together, and so we can conclude that a bond

has actually appeared. In particular, bonding happens between the O and Pb atoms, as it

can be seen in Fig. 3.19, which takes a closer look at the interface. This matches with our

initial hypotheses, and that is why the molecule was placed so that oxygen atoms would

be near lead atoms.

Figure 3.19: Bonding structure of interfaces 1 (up) and 2 (down). In red: O atoms. In
gold: C atoms. In white: H atoms. In blue: N atoms. In yellow: S atoms. In gray: Pb
atoms. In purple: I atoms. In green: Cs atoms.

As well as bonding energies, it is possible to compare bonding distances
(
d1 and d2

)
and angles

(
α1 andα2

)
between O and Pb for both interfaces. These results are shown in

Table 3.6.

Interface d1O-Pb

(
Å
)

d2O-Pb

(
Å
)

α1
Pb-O-C (o) α2

Pb-O-C (o)

1 2.7 2.7 111.4 115.3

2 2.8 2.7 111.1 136.7

Table 3.6: Bond distances and angles for both OHTM | Perovskite interfaces.

In both cases bond distances and angles are very similar to each other. Considering the
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small difference between both molecules, it makes sense that, after relaxing the interface,

their structures remain also similar. These figures were obtained for one of the bonding

oxygens, the result of the other one being very similar. Experimental values calculated by

Hao et al. [18] show dexp
O-Pb = 2.63 Å, which is in excellent agreement with our results.

All four dihedral angles (as depicted in Fig. 3.11) are studied in Table 3.7. Initial

dihedral angles, together with those obtained after the interface relaxation, are shown.

OHTM Dihedral angle (o)

1 2 3 4

Initial Mol. 1 90 30 90 90

Interface Mol. 1 118.7 28.7 80.1 85.1

Initial Mol. 2 90 30 90 90

Interface Mol. 2 80.8 29.7 88.8 95.3

Table 3.7: Comparison between the four dihedral angles of both molecules, before and
after relaxing the OHTM | Perovskite interfaces.

As predicted, the molecule has changed its structure to properly bond with the crystal.

All angles have changed, especially the first dihedral angle, the OCH3 − Benzene one,

whereas the closer the dihedral angle is to the center of the molecule, the less it rotates.

This is the dihedral angle that contains oxygen, the bonding atom, and so it makes sense

it is the one that rotates the most. Note that this angle is taken for one of the OCH3 −
Benzene groups that bond, and not for the other ones, since they do not provide interesting

information of how the molecule rotates in order to bond.

This is not however the structure the OHTM would have in a deeper analysis. As a

first approached, we have taken the OHTM organic molecule and adsorbed it onto the

crystal. A more complex approach would involve several molecules, forming an organic

crystal, where charge transport would occur.

3.4 Electronic structure of the interface

Let us now study the properties of Interface 1. Because of their similarities, their electronic

properties will be very similar, if not the same.

In Fig. 3.20, the total density of states of the interface is shown, as well as that of the

molecule and of the perovskite. The molecule’s contribution has been escalated so that it

can be compared to the perovskite’s. Since the number of atoms of the molecule is about

five times less than those of the perovskite, the DOS of the molecule is multiplied by five.

Otherwise, the molecule’s contribution would be impossible to see.
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Figure 3.20: Total DOS of the interface. In blue: projected contribution of the perovskite
crystal. In red: projected contribution of the molecule.

As it can be seen, the contribution to the DOS right before the Fermi level, located at

E = 0 eV, is due to the molecule. On the other hand, the contribution to the first energy

levels of the conduction band comes from the crystal. This region, the one with the highest

physical interest, can be better seen in Fig. 3.21.

Figure 3.21: Band gap of the interface. In blue: projected contribution of the perovskite
crystal. In red: projected contribution of the molecule.

The highest occupied molecular orbital (HOMO) and the valence band of the perovskite

are between 0.1 eV and 0.35 eV apart. With this small energy difference, we would expect

to see a transfer of holes from the perovskite to the interface.

Instead of considering the contribution of the whole crystal surface, only the first atomic

layer is taken into account. The projected DOS of the first atomic layer and the molecule
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is shown in Fig. 3.22.

Figure 3.22: DOS of the molecule and the first atomic layer of the perovskite’s surface.
In blue: projected contribution of the first atomic layer of the perovskite crystal. In red:
projected contribution of the molecule.

This graph is very similar in shape to Fig. 3.20, the only difference being in the y-axes.

Because fewer atoms are being considered, the DOS is of course smaller. Because of the

periodic nature of the perovskite, taking only one layer of atoms will not change the shape

of the DOS.

This is even clearer by comparing Fig. 3.6, 3.20 and 3.22. The similar shape of all three

DOS graphs show that the surface approximation was correct. Taking just a few atomic

layers is enough to reproduce the electronic behavior of the perovskite’s crystal.



Conclusions and future prospects

In this Master’s Thesis we have attempted to implement the Density Functional Theory

on several inorganic perovskite structures, as well as organic molecules, in order to study

new, more efficient solar cell technologies. To do this, an introduction to DFT has been

studied and understood and two different programs, VASP and ORCA, have been used.

The main conclusions of this work are as follows:

• The many-body quantum mechanics problem has been described, and the different

methods, DFT in particular, have been reviewed.

• The most important approximations for DFT to be computationally implemented

have been explained. How each program solved these limitation has been commented,

as well as the methodology followed for each study.

• The perovskite’s electronic structure has been successfully studied, providing good

similarities between the bibliographical results and those obtained in this work. Three

different structures were studied in order to get used to working with the typical

tools used in Quantum Chemistry and Materials Physics. Results have shown major

limitations to calculate the band gap, which can be solved with a more advanced

study. However, the overall results, such as the DOS or the band diagrams, show

proper semiconductor behavior and good crystalline figures.

• The molecular structure of the OHTM has been studied and compared with the bib-

liographical crystalline structure. Although the gas phase molecule has not achieved

the optimal structure, as the vibrational frequencies analysis revealed, the calculated

initial geometry matches the bibliographical results.

• The OHTM | Perovskite interface has been studied by adsorbing the molecule in

the crystal surface. This structure has been relaxed and the final geometry of the

molecule has been studied. A bond between the molecule and the crystal has ap-

peared, revealing that the molecule was successfully adsorbed. As well as a structural

analysis, an electronic properties analysis was finally carried out in order to study

the DOS of the interface, showing that hole transport between the interface an the

molecule is energetically possible.
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Summing up, deeper research will be needed to properly describe the properties of this

OHTM | Perovskite structure, its efficiency and its possible implementation in perovskite

solar cells. As for the OHTM, hole mobility would need to be obtained. A better description

of the interface would need more molecules on the surface interacting with each other,

creating an organic crystal that would be able to transport holes.

Studies like these show that solar cell technologies have room to grow and improve to

achieve much higher efficiencies.
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