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Abstract

Perovskite materials have stood out as excellent candidates for solar cell applications, and
have been heavily studied over the last fifteen years. High power conversion efficiency
has been achieved, surpassing standard silicon-based solar cells. On the other hand,
throughout the years stability of perovskite based solar cells has been a highly investigated
issue. The use of organic components and ion migration have been pointed out as two
most impactful factors regarding the stability. Furthermore, all perovskites used in high
efficiency devices contain lead, which can pose a problem for later disposal of unusable
solar panels. This work proposes several inorganic manganese perovskites as potential
candidates for solar cell applications. First, properties relevant for the use as optical
absorbers have been studied. The study has shown that they posses desirable band gaps
for optical absorption, as well as good absorption throughout the visible part of the
spectrum, together with high joint density of states. Next, interface properties have been
studied. Due to the architecture of perovskite solar cells, interface properties of perovskite
absorber with surrounding charge transport layers are crucial for optimal device operation.
After confirming that considered perovskites posses desirable electronic properties, the
properties of their interfaces with metal oxide electron transport layers were investigated.
This included investigation of properties that govern charge dynamics, such as effective
mass, charge density, electrostatic potential, band offset, and formation of interface trap
states. Several metal oxide/perovskite combinations showed favourable band offset which
promotes efficient electron diffusion into electron transport layer. On the other hand,
formation of interface trap states has been observed in several cases, which promotes
charge recombination and often leads to reduced device efficiency. To deduce the impact
of these factors on the device operation, further studies based on macroscopic models are

required. In the end, possible future research directions are proposed.

Keywords: Absorber, band offset, charge carrier dynamics, electron transport layer,

interface.



Sazetak

Perovskitni materijali istaknuli su se kao izvrsni kandidati za primjenu u solarnim éeli-
jama te su intenzivno proucavani tijekom posljednjih petnaest godina. Postignuta je
visoka ucinkovitost pretvorbe energije koja nadmasuje standardne solarne Celije na bazi
silicija. S druge strane, stabilnost solarnih ¢elija na bazi perovskita godinama je bila
predmetom brojnih istraZzivanja. KoriStenje organskih komponenti i migracija iona is-
taknuti su kao dva najutjecajnija faktora s obzirom na stabilnost. Nadalje, svi perovskiti
koji se koriste u uredajima visoke uc¢inkovitosti sadrZe olovo, §to moZe predstavljati prob-
lem pri kasnijem odlaganju neupotrebljivih solarnih panela. Ovaj rad predlaZze nekoliko
anorganskih manganovih perovskita kao potencijalnih kandidata za primjenu u solarnim
¢elijama. Za pocetak, proucena su relevantna svojstva za primjenu ovih materijala kao
optickih apsorbera. IstraZivanje je pokazalo da posjeduju poZeljne energijske procijepe za
opticku apsorpciju, kao 1 dobru apsorpciju u vidljivom dijelu spektra, zajedno s visokom
zdruzenom gustoom stanja. Potom su ispitana svojstva spoja dvaju materijala. Zbog
arhitekture perovskitnih solarnih éelija, svojstva spojeva izmedu perovskitnog apsorbera i
okolnih slojeva za transport naboja klju¢na su za optimalan rad uredaja. Nakon potvrde
da razmatrani perovskiti posjeduju pozeljna elektronska svojstva, istraZena su svojstva
njihovih spojeva s metalnim oksidima koji se koriste kao slojevi za transport elektrona. To
je ukljucivalo istraZivanje parametara koji odreduju dinamiku naboja, kao Sto su efektivna
masa, gustoca naboja, elektrostatski potencijal, pomak energetskih vrpci i stvaranje zamki
(trap states) na spojevima. Nekoliko kombinacija metalnih oksida i perovskita pokazalo
je povoljan pomak vrpci koji omogucuje efikasnu difuziju elektrona u sloj za transport
elektrona. S druge strane, u nekoliko je slu¢ajeva uoceno stvaranje zamki na spoju dvaju
materijala, Sto poti¢e rekombinaciju naboja i ¢esto dovodi do smanjene ucinkovitosti ure-
daja. Kako bi se izveo zakljucak o utjecaju ovih ¢imbenika na rad uredaja, potrebne su
daljnja istraZzivanja bazirana na makroskopskim modelima. Na kraju rada predloZeni su

mogudi smjerovi bududih istraZivanja.

Kljuéne rijeci: Absorber, pomak vrpci, dinamika nosioca naboja, sloj za prijenos elek-

trona, medusloj.
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Chapter 1
Introduction

The rapid progress of society and significant technological advances rely heavily on the
research of materials that can mediate such progress. One field of enduring interest is
green energy. Solar panels have been in use for several decades, but total electrical energy
production is still dominated by fossil fuels. Although silicon is an abundant element,
the monocrystalline silicon often used in solar cells to improve efficiency is expensive
due to high manufacturing costs. For the past 15 years, there has been a great interest
in solar cells based on the perovskite materials, ever since the work of Kojima et al.
[1]. First perovskite materials proposed for solar cells were methylammonium lead iodide
(MAPI) and formamidinium lead iodide (FAPI). Despite initial test results showing limited
promise for these materials (power conversion efficiency (PCE) of 3.81% for MAPI and
3.18% for FAPI), the abundant resources for their fabrication, low exciton binding energy,
appropriate band-gap, and high electron mobility have prompted significant research and
development efforts aimed at enhancing their performance. Recently, the solar cells based
on perovskite materials surpassed silicon based solar cells in terms of efficiency, with
record PCE of 26% [2]. However, the long-term stability of mixed organic-inorganic
halide perovskites remains a primary challenge for practical application; specifically, in-
stability towards moisture, illumination, and temperature must be mitigated for successful
commercialization [3—5]. Investigation of degradation mechanisms has shown that the
largest contributor towards the degradation of MAPI when exposed to light, moisture, and
heat, is the methylammonium (MA) organic cation. The volatile reactions of the organic
cation when exposed to environmental conditions quickly degrades MAPI performance.
To deal with this, inorganic cation substitution for MA has been proposed, and has been
highly investigated during the last 10 years [6]. The most promising candidates so far in
the family of inorganic perovskites for PSC applications are CsPbl; and CsPbBr3, due to
higher resistance towards the environmental conditions [7, 8]. However, the efficiency of

inorganic perovskites still hasn’t reached the level of mixed halide perovskites, although



1.1 Perovskites

it is steadily increasing [9]. The potential issue with CsPbl; perovskite is its phase insta-
bility. Large ionic radius of caesium causes the perovskite to undergo a phase transition
into a non-perovskite phase [8]. Inorganic perovskite composed of mixed halide anions
has been investigated, where it was found that the mixing of iodide and bromide halogens
in CsPbl;_.Br, composition can lead to improved phase stability [10].

In addition, a significant drawback of inorganic perovskites such as CsPbl; and
CsPbBrj; is the continued incorporation of lead in their composition, which poses en-
vironmental challenges for the eventual disposal of solar panels. To address this, the
partial replacement of toxic Pb*" ions was investigated by Frolova et al. [11]. Their
study demonstrated that only a partial substitution of Pb?* with Hg?*, in the form of
CH;NH;Pb,_Hg, I3, leads to improved optoelectronic properties, such as higher PCE and
effective quantum efficiency (EQE). However, the fact that performance was positively
affected only for small fractions of Hg?* (at most 15%) indicates that Pb?>* cannot be
effectively replaced by more than a minor fraction without degrading device performance.
Therefore, alternative perovskite compositions that exclude both toxic lead and volatile
organic components are highly desirable to ensure long-term stability.

In most literature reviews, two factors are cited as having the greatest impact on overall
PSCefficiency and stability: defects and interface properties. As individual materials, such
as perovskite absorbers, are optimized, their internal defect density becomes negligible.
Consequently, the majority of defects in modern PSCs occur at the interfaces [12]. For
this reason, interface engineering has become a primary research focus for the further

improvement of PSC technology.

1.1 Perovskites

Perovskites are a family of materials that have been known for nearly 200 years, with
naturally occurring calcium titanate CaTiOj; the first discovered perovskite. Perovskites
are now a well known family of materials, where the chemical formula ABX; is shared
amongst them. They have attracted the most attention with their excellent properties for
optical absorption, as well as abundance of sources for their fabrication. They contain two
cations (A and B) and three anions (X3) in their primitive cell. The MAPI perovskite is
formed from methylammonium CH;NH;* cation, Pb?* cation and three I anions. In the
cubic structure, MAPI B—site cation (Pb**) is 6-fold coordinated with iodide anions (I),
which can be seen in Figure 1.1.

This arrangement of iodide anions forms an octahedron around Pb?* cation, where MA
organic cation is settled in between the octahedra. Other perovskite lattices are then formed
by the octahedral distortion. The type of perovskite lattice can be predicted by knowing the

ionic radii of the ions forming the perovskite structure through the Goldschmidt tolerance

2



1.1 Perovskites

Figure 1.1: Methylammonium lead iodide cubic perovskite structure showing corner sharing
octahedra. Image taken from reference [13].

factor [14]
TA+Tx

;= I — (1.1.1)
V2(rp +7rx)

where r, is the radius of the A—site cation, rg is the radius of the B —site cation, and rx is the
radius of the anion. For the tolerance factor below 0.71, different non-perovskite structures
are formed. Orthorhombic or rhombohedral perovskite structures are formed for tolerance
factor in the range from 0.71 to 0.9, ideal cubic perovskite structure from 0.9 to 1.0, and
hexagonal or tetragonal perovskite structures are formed for Goldschmidt tolerance factor
slightly above 1.0. Consequently, the resulting crystal structure is primarily determined
by the ratio of the A—site and B—site ionic radii. Other than solar cell applications, this
family of materials is suitable for various technologies as they often exhibit properties
such as ferroelectricity, ferromagnetism, multiferroicity, low exciton binding energy, and
high electron mobility.

The wide range of tolerance factors that support the perovskite structure allows for
significant flexibility in compositional tuning. It was shown previously that the partial
exchange of X —site halide anion results in band gap modification [15]. In general, in
perovskites, B—site cation and X —site anion are responsible for the optoelectronic prop-
erties of the perovskite, while A—site cation regulates structural stability through its larger
ionic radius, and only indirectly affects optoelectronic properties, as its radius affects bond
length and bond angle of the BX¢ octahedron. In a recent review on the performance and
stability of perovskites [16], it was pointed out that multicomponent perovskites composed
of various fractions of different ions are a promising strategy for improving stability, but
can also improve performance in various ways. For perovskites as ionic systems, migration
of mobile ions has also been detected as a significant contributor towards poor stability
[17, 18]. Multicomponent perovskite formed as Csgs(FAgs3MAg.17)0.95Pb(log3B10.17)3
was investigated, and it was shown to have higher activation energy of mobile ions. This

leads to improved stability as it reduces the negative effects of ion migration on the per-
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ovskite stability. The multicomponent perovskite approach alternatively provides a way

to tune both the lattice parameter and the band gap.

1.2 Perovskite solar cells

To have a better understanding of the importance of the research conducted within this
thesis, next sections are focused on providing a basic understanding of PSC operation
and architecture to get an overview of what drives the energy conversion in these devices.
At the end of this section, a brief explanation on the scientific interest and contribution

expected from this work is given.

1.2.1 Perovskite solar cell architecture and operation

PSC’s are composed of layers of several different materials. Each of the materials has a
distinct role within the cell. In both the so-called planar architecture and inverted planar
architecture the same five layers are used, with only difference being the order in which
the layers are stacked; metal electrode, hole transport layer (HTL), perovskite absorber,
electron transport layer (ETL), and transparent conductive oxide (TCO). In Figure 1.2
both architectures are displayed. Although perovskite can serve several roles within PSC,
its main role is as the optical absorber. Two very important layers in PSC are also charge
transport layers, as they have an important task of transporting generated charge carriers

towards respective electrodes.

ETL HTL

Absorber Absorber

HTL ETL

Metal electrode Metal electrode

Figure 1.2: Typical PSC architectures, planar (left) and inverted planar (right).

When the sunlight reaches the surface of the PSC, it first encounters the two top layers in
the planar architecture, which are formed by transparent conductive oxide TCO and ETL,
both being large band gap semiconductors. Considering the transparency of both of these
layers towards the visible light, it is transmitted to the perovskite layer. The photons with
sufficient energy excite electrons from the valence band of the perovskite, creating electron-

hole pairs (excitons). Because typically used perovskites have low exciton-binding energy,
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in the order of 10 meV to 34 meV, electrons can easily be promoted from excitonic energy
levels into the conduction band to become conduction electrons, i.e., free charge carriers.

Photo-generated electrons in the conduction band subsequently diffuse into the ETL,
provided there is an energetically favorable band offset at the interface. Simultaneously,
the resulting holes at the valence band maximum of the perovskite are extracted by the
HTL. The required energy alignment is illustrated in Figure 1.3, where the rectangular
boundaries represent the respective band edges. Facilitated by the high electron mobility
in the ETL and high hole mobility in the HTL, these charge carriers are efficiently
transported to and collected at the respective electrodes. The resulting accumulation
of opposite charges—electrons at the TCO and holes at the metal electrode—generates

the photovoltage.
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Figure 1.3: A diagramatic display of the process of charge separation and transport within the
perovskite solar cell.

1.2.2 Interfaces in perovskite solar cells

Because of the architecture of PSC, there are four distinct interfaces between different
materials. The properties at the interfaces between these materials, especially between the
perovskite with surrounding charge transport layers, are of vital importance for efficient
operation of the PSC. For optimal operation of the device, numerous factors need to be
considered, such as lattice mismatch at the interfaces, materials processing, energy band
alignment, defect density, etc. [19-24]. Various approaches have been explored over
the years to deal with many of the aforementioned factors, including selective contacts
which do not cause degradation of the perovskite active layer, defect passivators, interface
engineering to influence band alignment, and materials processing engineering, to deter-

mine processing methods which do not cause the degradation of the substrate layers. As
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good candidates for the individual roles have already been largely known and explored,
the research thus far in the area of interfaces has been mostly focused on improving the
interface properties between those materials.

In the work by Mosconi, Ronca and de Angelis [25], the addition of chlorine at the
interface of MAPI with TiO, electron transport layer was investigated, where MAPbI; ,Cl,
mixed-halide perovskite was formed at the interface. Stronger coupling was observed at
the interface containing chlorine in the MAPbI;_,Cl, perovskite compared to the typical
MAPDI; perovskite. It was expected that the stronger coupling should lead to more efficient
electron collection at the interface, positively affecting PSC efficiency. In their next work,
the same authors investigated the effect of excess of Pbl, on the properties of the MAPI
and TiO; interface. In this combined theoretical and experimental study, it was observed
that excess Pbl, from the precursor is mostly found at the interface of MAPI and TiO, ETL
and favourably influences charge transfer of electrons from the perovskite layer towards
the electron transport layer, hence positively contributing to the solar cell efficiency.

In the work by Welch et al., the stability of interfaces was investigated for various
surface terminations of inorganic perovskite CsPbBr; with Cul hole transport layer [26].
Together with the study of interface stability in terms of the interface energy for various
surface terminations, investigation of band offset and potential difference was conducted.
A potential difference which should benefit charge separation was observed. It was
also observed that the band offset type changes with the change in the number of layers
indicating the possibility to tune band offset by controlling the layer thickness.

The theoretical approach based on DFT has previously also been used to investigate
trap states at the interfaces of tunnel field-effect transistors (TFET). Although this is not
directly related to solar cell applications, the implication that the DFT method can be
effectively used to detect and characterize trap states is still relevant. This approach can
be readily adapted to study interface defects within solar cell architectures. For instance,
a study conducted by a group from ETH in Ziirich investigated the origin of performance-
limiting trap states at the interface of InAs and Si[27]. The electronic structure calculations
revealed that the interface trap states originate from unsaturated arsenic orbitals. It was
also proposed that hydrogen or sulphur atoms could be used to saturate the unsaturated
orbitals, and hence passivate the interfacial defects. This shows the viability of theoretical
approaches based on DFT to study various defects at the interfaces.

Previously, the implementation of barium titanate (BaTiOj3) buffer layer between per-
ovskite absorber and metal oxide electro transport layer was studied [28]. The intrinsic
ferroelectric property of BaTiO; was expected to aid in charge separation, which should
lower recombination rate. However, to further study the impact of the added buffer layer,

the interface properties with metal oxides of ZnO, SnO, and TiO, were studied. The study



1.2 Perovskite solar cells

was focused on charge dynamics, notably band offset and effective mass. A competition
between different interface properties that govern the charge dynamics was revealed. Addi-
tionally, controllable parameters through which interface engineering can be implemented
to obtain desirable properties were defined in this work.

The primary objective of this study is to investigate the properties of calcium manganite
- CaMnOj; (CMO) as an optical absorber. While CMO has been previously explored as an
ETL to replace the conventional TiO; [29, 30], recent reports indicate that it also possesses
a favorable bandgap and optical characteristics suitable for visible light absorption [30].
Consequently, the first part of this thesis evaluates the relevant properties of CMO as
an optical absorber, alongside two derivative perovskites in which the A-site cation is
substituted with strontium (strontium manganite - STtMnO; (SMO)) and barium (barium
manganite - BaMnO; (BMO)). The findings of this initial investigation have been published
in a peer-reviewed journal [31].

It is hypothesized that A-site substitution will not significantly diminish the favorable
optical properties observed in CMO. Instead, this substitution is expected to primarily
influence the interface dynamics with the adjacent ETL. This hypothesis forms the core
of this thesis, which investigates the interface properties governing the transport of photo-
generated charge carriers from the perovskite absorbers (CMO, SMO, and BMO) into
metal-oxide ETLs (ZnO, SnO,, and TiO;). The principal results of this work have also
been published in a peer-reviewed journal [32]. The selected metal oxides were chosen
for their prevalence in high-performance PSCs and their beneficial electronic properties;
a detailed discussion of these materials and their role as ETLs is provided in Chapter 3.

The thesis is based on several papers, as follows:

* M. Muzevic€ et al. “Potential of AMnO3 (A = Ca, Sr, Ba, La) as Active Layer

in Inorganic Perovskite Solar Cells.” In: Chemphyschem : a European journal of
chemical physics and physical chemistry (2023).
Doctoral candidate’s contribution: Simulations of electronic band structures and
correlation with structural and optical properties of inorganic manganese perovskites
(XMnO3, X = Ca, Sr, Ba, La). The results published in this paper are presented in
Chapter 3.

* I. Kovac et al. “Charge carrier dynamics across the metal oxide/BaTiO3 interfaces
toward photovoltaic applications from the theoretical perspective”. In: Surfaces and
interfaces 39 (2023), p. 102974.

Doctoral candidate’s contribution: Doctoral candidate has led and coordinated the
research for this paper. The candidate also did most of the calculations which
were conducted and from which the results were obtained for this paper. Doctoral

candidate additionally contributed with validation, visualization, formal analysis,
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investigation, data curation, writing of the review and editing. Methodological
approach used within this work is used throughout chapter 5. Main results are not

explicitly presented in the thesis.

I. Kovac et al. “Insights into the charge dynamics at metal oxide/manganate
perovskite interfaces from density functional theory”. In: Applied Surface Sci-
ence (2026), p. 166497. issn: 0169-4332. doi: https://doi.org/10.1016/j. ap-
susc.2026.166497.

Doctoral candidate’s contribution: Conducted most of the calculations required
for the investigation of metal oxides-perovskites interfaces, analysed structural and
electronic properties of the interfaces, calculated relevant quantities that determine
charge carrier dynamics across the interface, and also contributed through formal
analysis, investigation, resources, validation, visualization and writing of the origi-
nal draft. The main results and methodology used in this work are the focus of the

doctoral thesis and are presented in chapter 5.



Chapter 2
Theoretical methods

2.1 Density functional theory (DFT)

Density functional theory has become a widely known tool for obtaining ground state prop-
erties of periodic systems. This approach can be very valuable for investigating unknown
properties of novel systems, but also for investigating properties that are very difficult or
impossible to measure with experimental techniques. Throughout this section the basics
of density functional theory (DFT) will be explained to have a better understanding of
how it can be effectively used and how it is valuable for materials science.

To determine various properties of the quantum mechanical systems, Schrodinger
equation needs to be solved to obtain the energies of the system of interacting particles.
The Hamiltonian describing the system of interacting electrons and nuclei can be written

in the following form:

h? 1 Ze? 1 e?
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The first term represents the kinetic energy of the electrons, the second term is the Coulomb
interaction between electrons and nuclei, where Z; is the atomic number of the nuclei
with index I, third term is the electron-electron Coulomb repulsion, the fourth term is the
kinetic energy of the nuclei, and the last term is the nuclei-nuclei Coulomb repulsion.
Upper case indices denote the nuclei, and lower case indices denote the electrons. In
the following expressions, the Hamiltonian form will be simplified by including Hartree
atomic units, where i = m, = e = 4mweg = 1.
All of the systems which will be investigated incorporate what is called Born-Oppenheimer

approximation. Within Born-Oppenheimer approximation, due to a larger mass of the nu-



2.1 Density functional theory (DFT)

clei relative to electronic mass, the nuclei are approximated as immobile. Therefore, in
the total Hamiltonian the nuclei-nuclei Coulomb interaction is considered as constant, as
the positions of the nuclei remain constant. Also, the potential that nuclei create is thought
of as a background potential which also includes the electrons which are tightly bound
to the core. Thus, within these models, only the valence electrons are explicitly treated,
and core electrons are considered to create a background potential together with positive
nucleus. Additionally, as nuclei are approximated as immobile, their kinetic energy is
approximated to be zero. Energy due to interaction between nuclei can be later added to
the so-called electronic Hamiltonian. With nuclei-nuclei interaction term excluded, the

electronic Hamiltonian can be written as

Z[€ 1 62
:__Zv2 Z|r—RI| égm (2.1.2)

to which, in the end, the nuclei interaction term is added, which is typically denoted as
Err.

2.1.1 Hohenberg - Kohn energy functional

Although electron density implementation into many-electron systems came in 1927. by
Thomas and Fermi [33, 34], the DFT as we know it today started with the work of
Hohenberg and Kohn. In their paper published in 1964. titled "Inhomogeneous electron
gas" [35], they showed that the total energy of a system is a unique functional of electron
density of that system. Therefore, by finding the ground state density of a many-electron
system, one uniquely determines its properties. Further, they proved that the ground state
density obtained this way is in fact the exact ground state density that minimizes the total
energy. The work of Hohenberg and Kohn still did not lead to a conclusion on how to
effectively use this model, as it needs to include the correlation of electrons, and it needs
to obey the Pauli exclusion principle. However, this leads to an energy functional which
is charge density dependent, rather than being dependent on the exact positions of the
electrons. As electron density is a function which depends on three parameters, energy
becomes a function of three variables, rather than 3N, where N is the number of electrons
in a system. No matter how many electrons a system has, energy is always dependent on

three parameters. This energy functional has the form
Eln(r)] = T[n()] + Eseln(r)] + / V@@ dr + By, (2.13)

where n(r) is electron density, 7'[n(r)] is electron kinetic energy, E;,;[n(r)] is the energy

due to electron-electron interaction, V.., (r) is the external potential generated by nuclei and
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core electrons which acts on the valence electrons, and E; is the nuclei-nuclei interaction

energy. The real difficulty remaining is applying this to an interacting many-body system.

2.1.2 Kohn - Sham equations

The Kohn-Sham approach is based on the replacement of the difficult to solve many-
body system of interacting particles with a system of non-interacting particles [36]. This
is under assumption that their ground state density is equal. This can then be exactly
solved by numerical calculations, while terms dealing with exchange of electrons and their
correlation are placed within a single term called exchange-correlation functional. The
ground state properties of an interacting many-particle system are then exactly determined
up to exchange-correlation functional, which is approximated. Therefore, the precision
with which the ground state properties of a system are determined highly depends on the
accurate approximation to the exchange-correlation functional. With electron density of

the non-interacting system being defined as
= i), (2.1.4)

the so-called Kohn-Sham energy functional is then given by

EKS :__Z/|V¢z ‘ d37“+ / |( ) ( |)d3d3 /
+/%zt(r)n(r)d3r+Ezc[n(r)]—i—EH, (215)

where the first term is the kinetic energy of the non-interacting electrons, and the second
term is the classical Coulomb interaction energy where electron density interacts with
itself, and E,. is the exchange-correlation energy functional. The interaction of electron
density with itself leads to a so called self-interaction error, which would get corrected
with the use of exact correlation functional, but since it is an approximate functional, there
is still residual error due to which some of the properties of highly correlated systems get
incorrectly approximated. By using exchange-correlation functionals, which are explained
in the following chapter, Kohn-Sham equations are solved self-consistently by making an
initial guess to the density of the system. From this density, electron wave functions are
calculated, from which new density is calculated. By comparing newly obtained density
with the initial guess, self-consistency is tested. The self-consistency is reached when
the difference in the density obtained in two successive runs is below a certain threshold,

depending on the accuracy required for the investigation of properties of a system.
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2.1.3 Exchange and correlation approximation

The most basic approximation to the exchange-correlation functional was made by Kohn
and Sham in their original paper [36]. In this approximation, solids are considered
to be close to the limit of the homogeneous electron gas. Because of this, exchange and
correlation effects have local character, and local density approximation (LDA) is therefore
obtained as an integral over all space, where exchange-correlation energy for the solid is

equal as that of the homogeneous electron gas
ELPA[n(r)] = / () [n(x))d*r, (2.1.6)

where €"¢9[n(r)] is the exchange-correlation energy of the homogeneous electron gas. This
energy can be split into two terms, exchange term and correlation term. While exchange
energy per particle for the homogeneous electron gas is exactly known, the correlation
energy is not known exactly, and can only be approximated using quantum Monte Carlo
calculations.

This approximation to the exchange-correlation functional can be improved by addi-
tionally considering the gradient of the density locally in the so-called generalized gradient

approximation (GGA). This gives new exchange-correlation functional in the form
ESC4n(r)] = /n(r)egig [n(r), Vn(r)|d*r. (2.1.7)

Alternative exchange-correlation functionals have been explored over the years, with the
most notable being meta-GGA functionals where local kinetic energy is additionally
included, and hybrid functionals, which combine exact exchange of the Hartree-Fock

theory with exchange-correlation functionals of DFT [37].

2.1.4 Pseudopotentials

Because DFT explicitly only considers valence electrons, core electrons need to somehow
be integrated in this theory. This is done by implementing pseudopotentials. The interac-
tion of explicitly considered valence electrons with core electrons and nuclei is replaced
with an effective potential, called pseudopotential. This effective potential perfectly mim-
ics the exact wave function behavior beyond certain cutoff radius away from the core,
while having smoothed behavior near the core, as can be observed in Figure 2.1. This is
implemented in order to simplify the electronic problem, as most of the significant prop-
erties of the system are determined from the valence electron properties. Furthermore,
this effective potential is considered because near the core, the exact wave function has

highly oscillatory nature, where because the wave functions are expressed as a product
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of a periodic function and plane wave according to Bloch theorem, a very large number
of wave functions would be required to appropriately describe this behavior. Inclusion of

pseuodopotentials, therefore, simplifies the core electron, and nuclei description.

%seudo

—~y

Figure 2.1: Plot showing the behavior of the pseudo wave function in comparison to the exact
wave function, and of pseudopotential compared to the exact potential. Beyond the cutoff radius
shown with r. the pseudopotential and pseudo wave function match exactly. Image taken from
reference [38].

2.1.5 Relaxation of the crystal structure

To find the relaxed positions for atoms in a crystal lattice, a structural relaxation is
performed. The optimal structure is the one in which the forces acting on atoms are zero.

The forces are calculated from the Hellman-Feynman theorem [39] as

oFE

F,=———,
! OR;

(2.1.8)
In the actual implementation of the structural relaxation, several algorithms are typically
used. The algorithm used in this work is BFGS algorithm [40], named after Broyden,
Fletcher, Goldfarb and Shanno, the developers of the algorithm.

2.1.6 Self-interaction error correction

As in Kohn-Sham theory the Hamiltonian is solved in terms of electron density instead of
exact electron positions, within the Coulomb interaction of electrons, there is essentially
a problem of interaction of electron density with parts of its own density, or partial inter-
action of electron with itself. This error should be corrected within exchange-correlation

functional, but since this functional is not exact, the so-called self interaction error does not
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get corrected exactly. This self-interaction error then leads to unphysical orbital energies
leading to a number of errors of incorrectly represented physical properties, especially in
the case of highly correlated materials with electrons in d or f orbitals. This error can
be corrected in several ways within DFT, such as with the use of Hubbard U parameter,
by using hybrid functionals, etc. In our work we chose the correction with Hubbard U
parameter, often called DFT+U method, due to its simplicity and low cost. Historically,
the value of the Hubbard U parameter has had to be obtained semi-empirically. This
way, one has to rely on the existence and accuracy of experimental measurements. As of
2018., there is a model through which the Hubbard U parameters can be obtained from
first principles by employing the linear response to external perturbation approach in an
efficient manner [41]. Hubbard U parameter which is used to correct a number of poorly
approximated properties of the material is obtained self-consistently within this model.
The obtained Hubbard U value is then added to energy calculated with DFT.

1 1 Io,,Io
E:EDFT+§ZU Tr[(1 — n/”)n’7] (2.1.9)

I,o0

where Tr is trace of a matrix (sum over diagonal elements of the matrix), m; and m are
magnetic quantum numbers of a specific angular momentum, and n is occupation matrix
defined as projection of Kohn - Sham wavefunctions 1) (which are wavefunctions obtained
with DFT) onto localized orbitals ¢

(') oims = D filtbia|oh, ) Pk, |Wie)- (2.1.10)

The so-called Hubbard projector defined as

N A R 2.1.11)

is an important element of this correction method as it defines upon which orbital (man-
ifold) the correction is applied to. The linear response method for obtaining Hubbard U
correction was previously derived by Cococcioni and de Gironcoli [42]. This approach has
not been heavily used in practice as it required perturbation calculation on a superlattice,
leading to a computationally expensive approach. Timrov et al. derived a new approach
using monochromatic perturbations. The total response to a perturbation is calculated by
summing the responses to monochromatic perturbations in a primitive unit cell.
Although DFT+U method can be applied for both closed-shell and open-shell systems,
the use of linear response approach on systems with fully occupied d orbitals, such as

for instance ZnO, often leads to very high Hubbard U values [43, 44], or can lead to
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numerical instabilities [45, 46]. The details of the DFT+U implementation can be found

in the Appendix A.

2.1.7 Dielectric function - optical response

Within DFT, the imaginary part of the dielectric function is treated as a response function.
This is achievable if one treats it within the adiabatic perturbation theory. The complex

dielectric function can be expressed as

Eaﬁ( ) QNkm2 ZZ Ekn’ —Ek )

f (Ek,n) N f(Exn)
"\ Biw — Fxn + fiw + ikl By — By p — hiw — AT

}, (2.1.12)

where € is unit cell volume, Ny, is the number of k-points, m is electron mass, f(Ey.,) is
the Fermi distribution, I is the adiabatic parameter which must tend to zero for total energy
conservation, and 1\7[067 3 1s the squared matrix element which describes the transition of an
electron upon interaction with a photon through the momentum operator from an initial
state denoted as 7, to a final state »n’, and then relaxing back from the excited state to state

n

M5 = (tse| Do [tten) (il B [ttcor) - (2.1.13)
Here, uy , 1s the factor of the single particle Bloch functions as obtained in DFT and which
are expanded in the plane-wave basis set. Imaginary part of the dielectric function, which
is directly related to the absorption, with implementation of a Dirac Delta function § is
then expressed as

,ﬂf Ekn
€2a() QNkm2 Z Z (Buw — Exn)?”
--~[6<Ek,n/ — Ek,n -+ hw) -+ 5(Ek,n/ — Ek,n — hw)] (2114)

From the imaginary part of the dielectric function, one can obtain the real part by using

the Kramers-Kronig relation

2 o / o /
€rag(w) =1+ —/0 W) 4o (2.1.15)
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The real and imaginary part of the dielectric function are then further used to calculate
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various optical properties [47], such as refractive index

Mm:¢¢@wwfwwwmq o116

extinction coeflicient,

k(w) = \/ GOk Ei(w) ) —alw) 2.1.17)

reflectivity,

: (2.1.18)

and absorption coeflicient

= ?ﬁ(w).
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Dielectric function obtained within random phase approximation (RPA) does not explicitly
account for the excitonic effects, which can lead to less accurate results, especially at high
frequencies. This effect is especially pronounced for highly correlated insulators with
pronounced excitonic effects. Still, it was shown that for semiconductors with moderate
band gaps RPA based dielectric function compares well to experimental results, as well as
more accurate theoretical results obtained within GW approximation [48]. This suggests
that for perovskites studied within this thesis, which have relatively low band gaps, RPA

should provide sufficiently accurate results.

2.1.8 Interface electrostatic potential and charge density

In planar architecture of the PSC, the charge transfer is mostly governed by the relative
position of the valence and conduction bands of neighboring materials. Due to a non-
local nature of the Coulomb interaction, the relative positions of valence band maximum
(VBM) and conduction band minimum (CBM) cannot simply be calculated from their
bulk positions [49]. Especially in heterovalent interfaces, the relative positions of the
band edges highly depend on the interaction of the two surfaces in contact. Therefore,
one must conduct simulations of a supercell model to deduct how interface interaction
contributes to band offset. The supercell model usually takes the form of a heterostructure
with two slabs of different materials surrounded by a slab of vacuum, often called the
isolated interface model. To be able to align the energy band edges, a common reference

is required. For the band offset calculation the average electrostatic potential is often used
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as a common reference. The average electrostatic potential is a sum of the ionic potential
and Hartree potential averaged over the direction of the growth of the heterostructure.
Electrostatic potential is calculated as a three-dimensional quantity, where to simplify
its display it can be averaged over the plane perpendicular to a certain surface. If the

plane-averaged electrostatic potential is calculated along z axis, it is obtained from

V(z) = % /S V(z,y,z)dxdy. (2.1.20)

This can also be applied to the valence electron charge density,

1

p(z) = §/Sp(x,y,z)dxdy. (2.1.21)

Atomic oscillations in plane averaged density or potential are generally not of interest.
On the other hand, average values over a certain region are often important quantities.
The macroscopic average, known from basic electrodynamics, is used for averaging the
electrostatic potential or charge density around the heterojunctions, and was introduced

into this theory by Baldereschi et al. [50]. For a general plane averaged function

f(z) = %/Sf(x,y, z)dxdy, (2.1.22)

the macroscopic average is calculated as

f(macro)(r) = /w(r — r')f(micm)(r/)dr/, (2.1.23)

where w is a filter function which depends on the geometry of the system. If the growth

of the heterostructure occurs in z direction, the filter function can be expresed as

1
w(z) = =0 (g - \z|) , (2.1.24)

with a being the period over which the macroscopic average is performed, determined by
the thickness of the unit cell in the z direction, and © being a one dimensional step function.
For lattice mismatched systems, the period a is different, where the double macroscopic
average technique needs to be performed [51]. This is done by first calculating the
macroscopic average over period equal to the unit cell length along the growth of the
heterostructure for one material, then for the second. It is typically done using a single

filter function

f= / wa(r — ' )wp(r)dr’. (2.1.25)

This gives out a function which has smooth behavior in the bulk-like region of the slabs,
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and shows divergence from the smooth behavior at the interface region.

2.1.9 Band offset calculation

The values of the average potential assumed at the bulk region in both sides of the

heterostructure are used for the band offset calculation in the following way
VBO = AFE, + AV, (2.1.26)

CBO = AE, + AV, (2.1.27)

where V BO is the valence band offset, C'BO is the conduction band offset, and AV is
the potential line-up between two bulk regions in a supercell. The AFE, and AFE. are the
terms often referred to as band structure terms, and calculate the difference between the

band edges and the average bulk electrostatic potential
AE, = (BEYPY — V) — (ER"Y — V), (2.1.28)

AE, = (ESPM — V) — (ESPM — V). (2.1.29)

Here, EY M and E}, M are the VBM of material A and B, respectively, E{?M and E§PM
are their CBM, and V/, is the average bulk potential of material A, and V5 the average
bulk potential of material B. Through the band structure term all of the bulk effects are
captured, while all of the interface interaction contributions towards the relative band

positions are captured within the electrostatic potential of the interface supercell model.

2.2 Effective mass

One of the very important properties governing the charge dynamics is the effective mass.

Electron effective mass is directly related with the electron mobility through term

eT

[le = 2.2.1)

m*’
(&
where /i, is electron mobility, e is unit charge, 7 is carrier lifetime, and m; is electron
effective mass. In the simplest form, effective mass can typically be calculated by approx-
imating the curvature of the Bloch bands, where the curvature of CBM is approximated
to calculate electron effective mass. The energy of an electron near the conduction band

edge can locally be approximated as [52]

h2
2ms

e

Ek)=E. + k?, (2.2.2)
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2.2 Effective mass

where I, is the energy at conduction band edge, k is wavevector at which the energy is

calculated, and m is effective mass of electron. This term resembles parabola equation
y(r) = b+ ar?, (2.2.3)

where a and b are constants. Therefore, we can relate constant a of the quadratic term as

h2
a = S (2.2.4)

Therefore, by approximating the curvature of the Bloch band with parabola equation, from
the leading coeflicient of the quadratic term the effective mass of the electrons can be

calculated as
h2

e_%'

(2.2.5)

m
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Chapter 3
Bulk perovskites

To distinguish the interface effects in metal oxide/perovskite heterojunction systems, first
the properties of bulk systems will be presented, followed by analysis of their interface
properties, with the emphasis on the properties governing the charge dynamics.

CaMnOs; perovskite was previously investigated for the role of the buffer layer in the
PSC. The high curvature of the CBM, indicative of low effective mass and high electron
mobility, highly contributed to the improvement of transport properties over typically used
TiO, ETL [29]. It was also previously indicated that CMO has good optical properties,
such as high absorption coefficient with a prominent peak in the visible part of the spectrum
[30]. Due to previously reported good optical properties, as well as a suitable band gap,
CMO could be of interest as the absorber layer in PSC. Although the substitution of
A—site cation does not alter its optical properties significantly, it was proposed that this
substitution should be of interest as it could lead to different interaction and bonding
properties at the interface with neighbouring ETL.

Therefore, the inorganic manganese perovskites studied within this thesis for the role of
PSC optical absorber are CaMnO3;, StMnO3, and BaMnO;. CMO and SMO compounds
have a typical cubic perovskite phase at high temperatures, above 900°C and 1400°C
respectively, but at room temperature they crystallize in either orthorombic structure
(CMO), or 4H hexagonal structure (SMO) [53, 54]. BMO exists in several hexagonal
phases at room temperature, with increase in cubic layer characteristics above 1150°C
[55]. Hexagonal perovskite phases of BMO are 2H, 4H, and 6H. In this work, 4H
perovskite phase of BMO was studied. The orthorombic and hexagonal structures are a
result of the distortion of the corner sharing MnOg octahedra. The distortions of the MnOg
octahedra can be seen in the Figure 3.1, where in the case of orthorhombic structure a
slight tilt of the octahedra can be observed. For hexagonal structure there is a significant
tilt of the octahedra which leads to the formation of the edge-sharing octahedra. The space
group of the orthorhombic CMO is Pnma, and of hexagonal SMO and BMO P63 /mmec.
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3.1 Structural properties

Figure 3.1: Distortion of the MnOg octahedra in orthorombic lattice (left), and hexagonal lattice
(right) of manganese perovskites.

All of the investigated perovskites are antiferomagnetic compounds, with multiple reported
spin configurations, but with G-type antiferromagnetic ordering being the most stable [S6—
58]. They are composed of manganese Mn** B—site cation, oxygen O* X —site anion,
and A cation site is occupied by either Ca?*, Sr** or Ba**. The substitution of the A—site
cation affects the bond length of the MnOg octahedra, hence changing the overall structure.
Because manganese has electrons in 3d orbital, to correctly represent the properties of
these systems, the Hubbard U parameter for self-interaction error (SIE) is included. This is
especially important for these perovskites as their optoelectronic properties are determined
by the MnOg octahedra. The following sections, thus, are concerned with the investigation
of relevant properties of bulk perovskites of interest. Additionally, bulk perovskites are
investigated to asses whether our DFT model predicts their properties accurately compared
to previous studies. This is important as these compounds are further used as a basis for
the investigation of the properties of the heterojunctions, which are a highlight of this

thesis.

3.1 Structural properties

Three investigated perovskites were initially placed in a unit cell according to previously
measured lattice parameters and atomic positions. Typical lattices at room temperature

for these compounds are shown in Figure 3.2.
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3.2 Structural properties
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Figure 3.2: Orthorhombic unit cell of CaMnQO3, and hexagonal unit cells of SrMnO3 and BaMnO3.

Structural relaxation is then performed for lattice parameters and atomic positions. The
obtained lattice parameters using both basic DFT and DFT+U are shown in Table 3.1.
Table 3.1: Lattice parameters of CaMnQO3, SrMnO3; and BaMnO3; obtained without and with the

use of self interaction error correction via Hubbard U parameter and compared to experimental
measurements.

CaMnO; SrMnO3 BaMnOj;

DFT DFT+U EXP[59] DFT DFT+U EXP[60] DFT DFT+U EXP [61]

a(Ad) 531 541 528 548 553 545 568 5.74 5.64
bA) 747 157 7.45 - - B } B} i

c(A) 527 5.34 5.26 9.10 9.28 9.09 9.27 9.44 9.22

Basic DFT predicts the lattice parameters which are in better agreement with the experi-
mental measurements. Application of the DFT+U method leads to overestimated lattice
parameters for all three systems. This effect was already reported, which is the result of
a decrease of Mn-3d and O-2p hybridization due to higher localization of Mn-3d elec-
trons [62]. This leads to reduced bonding effects, which affects the lattice parameters.
Nevertheless, even with DFT+U approach, the discrepancy from experimental results for
lattice parameters is reasonably low, in general below 2%, with largest discrepancy being
2.46%. The largest discrepancy, calculated for a lattice parameter of CMO, presumably
occurs due to the largest Hubbard U value used on Mn-3d states. However, due to values
of Hubbard U parameter being nearly the same (Up,.3¢(CMO) = 5.91 eV, Up,3¢(SMO)
= 5.75 eV, Upmn3¢(BMO) = 5.82 eV), the average error in all three compounds is very
similar. Although DFT+U predicts lattice parameters less accurately compared to DFT,

the inclusion of this correction is crucial for the correct approximation of the band gaps.
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3.2 Electronic properties

3.2 Electronic properties

After the structural relaxations, electronic properties were investigated. For CMO, DFT
gives an indirect band gap of 0.80 eV. The inclusion of DFT+U method increases the band
gap to 0.92 eV. Despite the used correction, the band gap is still underestimated compared
to previous experimental measurements (Table 3.2). The addition of Hubbard U correction
for oxygen 2p states would likely lead to improved band gap. However, attempts to include
it within linear response approach led to numerical instabilities. Therefore, despite band
gap being underestimated, no correction was applied to oxygen 2p states. From Figure 3.3
it can be seen that with both DFT and DFT+U approach the high curvature around I" point
is present. In general the character of the conduction band near the gap is very similar.
The included SIE correction, however, leads to higher density of valence states near the
forbidden region. This indicates that a large number of electrons are available for optical
excitation. Although indirect band gap is observed, in both cases the difference in energy
between an indirect and a direct gap at the I" point is negligible, leading to a conclusion that
a large portion of the electrons should undergo a direct non-phonon assisted excitation.
In both SMO and BMO, DFT+U approach leads to a reduction in band gap which basic
DFT overestimates: 1.88 eV and 1.80 eV, respectively. The DFT+U band gap values,
1.44 eV for SMO, and 1.22 eV for BMO, are in excellent agreement with the experimental

measurements (Table 3.2).

Table 3.2: Optical band gap values of CaMnQO3, SrMnO3 and BaMnQO3 in electronvolt obtained with
reflection-transmission (R, T) measurements and luminescence (Lum) measurements and compared
to DFT and DFT+U calculations.

Band gap in eV

E,-RT[31] E,-Lum[31] E,-DFT E,-DFT+U

CaMnO; 1.15 1.23 0.80 0.92
StMnO; 1.40 1.50 1.88 1.44
BaMnO; 1.30 1.24 1.80 1.22

Basic DFT gives the indirect band gap for both SMO and BMO (Figure 3.3). The band
gap character remains the same for SMO, with a shift of VBM from K to I' point, and shift
of CBM from I' to M. However, similar to CMO case, direct band gap value differs very
little from the indirect gap. More pronounced changes occur within the valence bands
with respect to the conduction bands in both compounds. High curvature of edge valence

state is noticeable, with retained high density deeper within the valence band. The band
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3.2 Electronic properties

structures of SMO and BMO are similar due to the same lattice, and valence electron
configuration. The obtained band gap values for two hexagonal systems are ideal for PSC
applications, which is also true for previous experimental measurements of the band gap
of CMO. This is because according to the Shokley-Queisser limit, this is where optimal
power conversion efficiency is achieved. In this range, thermal losses are balanced, as are

the losses due to non-absorbed photons of energy lower than band gap value [63].

CaMnO3 SrMnO3 BaMnO3

Figure 3.3: Band structures of CaMnQO3, SrMnO3z and BaMnOj3 obtained with DFT (top row) and
DFT+U (bottom row).

To further investigate the effect of SIE error correction, total and partial density of states
are shown in Figure 3.4 for DFT and DFT+U method. The high dominance of Mn-3d
and O-2p states towards total DOS is evident, which is the reason why constituents of
the MnOg octahedra dictate the optical properties. It is easily seen from Figure 3.4 that
summing the contributions of these states gives the total DOS, meaning that other states
have little to no contribution at this energy range. For CMO, there is an increase in density
of valence states at the top of the band, while opposite is visible in SMO and BMO. In
SMO and BMO, due to the high curvature of the edge valence state (Figure 3.3), the
very edge of the valence band has lower DOS compared to basic DFT. In general, there
is an increase in DOS deeper within the valence band for all three compounds. With
DFT+U approach, top of the valence band is highly dominated by oxygen 2p states. This
is the result of change in the charge density of manganese 3d electrons, as with DFT+U
approach they become more localized within the 3d manifold. There is a slight change
at the bottom of the conduction band, visible both in the band structure and in the partial

density of states. There is an overall increase in contribution of oxygen 2p states towards
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3.3 Optical properties

entire conduction band. In terms of partial density of states, nearly identical conclusion
can be drawn for all three perovskites. Implementation of the DFT+U approach leads to
the dominance of 2p states towards top of the valence bands. For the conduction band,

DFT+U predicts a strong hybridization of oxygen 2p and manganese 3d states.

CaMnO, SrMnO, BaMnO
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Figure 3.4: Total and partial density of states of CaMnQO3, SrMnO3; and BaMnQO3 obtained with
DFT (top row) and DFT+U (bottom row).

3.3 Optical properties

Optical properties are studied through the absorption coefficient, refractive index and
reflectivity. For all three perovskites a red shift is observed when Hubbard correction
is applied. Due to this red shift, local peaks are observed within the visible part of
the absorption spectrum. From the absorption spectrum of CMO, although its band
gap is underestimated, it is noticeable that more significant absorption starts beyond
1 eV. Absorption maximum is observed at around 2.3 eV, with a noticeable reduction in
absorption at higher energies. CMO shows reflectivity above 30% throughout the majority
of the visible spectrum, with a significant drop at higher energies. High reflectivity at lower
energies within visible spectrum is undesirable. However, compared to previous theoretical
results concerning the reflectivity for CMO [29], they are in excellent agreement. There is
generally a good qualitative agreement of absorption coefficient and refractive index with
previous work of Zhao et al., where they were experimentally measured [30]. However,
at higher frequencies, beyond the visible region, larger deviations from the experimental
measurements can be observed. Additionally, in the experimental work two distinct peaks
in the absorption spectrum can be observed within visible range, which cannot be found

in the theoretical prediction. Nevertheless, the photon energy at which peak emerges

25



3.3 Optical properties

within visible spectrum is very similar to where experimentally measured peaks emerge.
Comparison of reflectivity of CaMnO; with experimental work of Hung et al. [64]
reveals generally good qualitative agreement. Theoretical predictions based on DFT+U
method, however, overestimate the value of reflectivity, where peak at close to 40% is
predicted. Experimental measurements demonstrate that reflectivity of CaMnOj is below
20%. Furthermore, similarly to other optical constants, deviations of reflectivity from the
experimental measurements are found at higher frequencies beyond visible range. For
StMnO;, experimental study on optical properties conducted by ZuZi¢ et al. revealed
that reflectivity has a nearly constant value below 20% throughout visible range [65]. In
comparison, in this work reflectivity is overestimated with a peak at around 2.2 eV where
reflectivity is around 30%. Additionally, reflectivity does not show the same constant
behavior visible in the experimental measurement. Refractive index also differs compared
to the same experimental work, where nearly constant value of the refractive index across
the visible range is not reproduced accurately within approach used in this work. There
were no further experimental studies where optical properties of the hexagonal perovskites
of SrMnOj; and BaMnO; in 4H phase were studied, up to the authors knowledge. In
the papers concerning experimental measurements either polymorphous structures are
reported, or different phases than the ones studied in this thesis, making direct comparison
impossible due to a difference in the local environment of MnOg octahedra for different
phases. From PDOS high dominance of O 2p states is predicted towards top of the valence
band, while bottom of the conduction band is dominated by both O 2p and Mn 3d states for
all studied perovskites. While no definitive conclusions on the nature of optical transitions
can be drawn from PDOS displayed in Figure 3.4, it can be expected that main transitions
which result in prominent peaks are O 2p to Mn 3d, or O 2p to hybridized p-d orbitals.
In the previous work on CaMnOs it was reported that main transitions are electric dipole
(allowed) transitions, from O 2p to e, [64]. A recent report on StMnO; demonstrated that
main transitions also occur between O 2p and Mn 3d states. Considering they are allowed
electric dipole transitions, they are the main contributors towards prominent absorption

peaks [66]. Similar can be expected for BaMnOs.
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3.3 Optical properties
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Figure 3.5: Absorption coefficient o, refractive index n and reflectivity R of CaMnO3, SrMnQO3
and BaMnOj3. Orange lines represent results obtained with the use of DFT+U approach, and black
lines represent basic DFT results.
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Figure 3.6: Joint density of states of CaMnO3, SrMnO3 and BaMnO3.
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3.3 Optical properties

Refractive indices are relevant for good optical coupling with adjacent layers, in this case
ETL. Static refractive index of CMO is 2.98, higher than the indices of the studied metal
oxide ETL’s, which have static refractive index between around 2.00 to 2.60 [67-70].
Previous theoretical study has found similar behavior of the refractive index of CMO, but
with static refractive index between 2.12 and 2.50 [29]. In that study, the value of the
refractive index increases to around 3.00, similar to what was calculated in this study. For
SMO and BMO, static refractive indices were calculated at 2.36 and 2.43 respectively,
showing good optical coupling with studied metal oxide ETL’s. High density of valence
states near the gap indicates that a large proportion of electrons can participate in the
excitation process, which is further confirmed by the joint density of states (JDOS). Figure
3.6 shows that a high number of allowed optical transitions is available for all perovskites
in the range from around 1.8 eV to 2.6 V. In general, the results of investigated optical
constants indicate that these materials could be promising candidates as PSC absorber

layer.
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Chapter 4
Metal oxides as electron transport layers

An important process taking place within the PSC is the charge separation and transport
towards the electrodes. This is mainly governed by the band alignment between the per-
ovskite absorber and the surrounding charge transport layers. From the band alignment
shown in Figure 1.3, it can be observed that a good transport layer allows only one type of
charge carrier to be transported towards respective electrode. In ETL, the band offset with
the perovskite should be type I, also called staggered offset, where both VBM and CBM
of the metal oxide ETL are lower in energy compared to the perovskite. This enables
spontaneous diffusion of excited electrons from the perovskite into the ETL conduction
band. It also blocks holes from being transported towards the same electrode, as valence
states of ETL are at lower energies than in the perovskite. In typical planar architecture,
several metal oxides are commonly used as ETL, due to their large band gap (3.0 eV
to 3.6 eV), high transmission of visible radiation, good stability, high electron mobility,
and because they do not cause degradation of the perovskite absorber layer. The most
commonly used metal oxide ETL is TiO,. Besides TiO,, ZnO and SnO, are also being
frequently used. However, TiO, can also cause reduction in PSC performance due to its
photocatalytic activity induced by the UV light [71]. SnO,, compared to TiO,, requires
lower processing temperatures, while also providing good band alignment with most com-
monly used perovskites, high electron mobility, large band gap, and good stability [72, 73].
Zn0 is also a good alternative, having large band gap, high electron mobility, favourable
band alignment with commonly used perovskites, and lower processing temperatures than
TiO,. However, ZnO based PSC have generally had lower efficiency compared to SnO,
and TiO, [74]. A recent study has targeted the issues emerging at the interface of ZnO and
perovskites that mainly impact the stability, but also affects the efficiency. Autors have
highlighted surface chemistry as an important aspect that impacts the relevant factors of
the stability and efficiency in ZnO-based PSC, with ammonia-terminated ZnO surfaces

showing enhanced stability and efficiency [75].

29



4.1 Structural properties

4.1 Structural properties

Figure 4.1: Hexagonal unit cell of ZnO, and tetragonal unit cells of TiO, and SnO;.

To simulate the properties of metal oxides DFT+U method is also used, since they contain
transition metal elements with partially or fully occupied d orbitals. Here, the results with
included Hubbard U correction are not compared to uncorrected models. For all three
systems the value of the Hubbard U parameter was obtained via semi-empirical approach,
where the parameter value which gives the best band gap value is chosen. Details on the

Hubbard U parameter calculation can be found in the Appendix A.

Table 4.1: Lattice parameters and band gaps of ZnO, SnO; and TiO; obtained without and with the
use of self interaction error correction via Hubbard U parameter and compared to experimental
measurements.

Zn0O SH02 T102

DFT+U EXP DFT+U EXP DFT+U EXP

a(A) 3.25 3.25[76] 4.76 4.78[77] 3.81 3.79 [78]
c(A) 5.20 5.21[76] 3.19 3.19[77] 9.87 9.52[78]

E, (eV) 3.47 3.41[79] 3.65 3.60[80] 3.13 3.20[81]

The lattice parameters obtained with DFT+U approach are shown in Table 4.1 and com-
pared to previous experimental measurements. Very good agreement is obtained for ZnO
and SnO; lattice parameters. The a lattice parameter of TiO, is in excellent agreement with
experimental results, with larger discrepancy of around 3.6% for ¢ parameter. This effect

was previously observed for TiO, in the study by Dong et al. [82], where discrepancy in
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Figure 4.2: Band structures of ZnO, SnO; and TiO;.

lattice parameters was increased with the increase of Hubbard U value, which is required

for correct approximation of the band gap.

4.2 Electronic properties

Band structures of studied metal oxides are shown in Figure 4.2. For all three metal
oxides DFT+U approach gives band gaps larger than 3 €V, in excellent agreement with
experimental measurements (Table 4.1). Displayed band structures additionally show
high curvature of the conduction band edges for all three metal oxides, characteristic
for these materials, which hints at high electron mobility due to low effective mass of
electrons. Effective mass of electrons of these materials will be analysed in more detail in

the following sections.
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Chapter 5
Heterostructures

In heterovalent interfaces, the relative band alignment critically depends on the interaction
between two surfaces in contact. One of the main goals of this thesis is to infer as much
as possible information about the interactions at perovskite/metal oxide interfaces. To
gain information on band offsets between two semiconductors, supercell models were
generated. For this, pseudomorphic growth of the manganese perovskites on metal oxide
ETL was assumed. This means that in the vicinity of the interface the perovskites were
strained to accomodate for the difference in the lattice parameters with the neighboring
metal oxide ETL. Because large lattice mismatch often leads to a large number of dis-
location defects, it is an important factor to consider in the heterostructure models. To
assist the stability of the interface and low density of defects, it is desirable to have a small
lattice mismatch [19]. Furthermore, simply putting two individually stable surfaces does
not ensure stability of the interface, as interface stability depends on the chemical com-
position of the two surfaces in contact, which in turn depends on the surface orientation
and surface termination [20]. A study of BiOIO3(010)/(100) interface has shown that by
choosing the most stable surface terminations, the band offset did not match experimental
observations. On contrary, to obtain results which are in line with experiments, a less
stable (010) surface termination had to be selected, and joined with the most stable (100)
surface termination. This interface arrangement led to the formation of chemical bonds
at the interface, showing thermodynamic stability of the interface with significant charge
transfer [83]. Therefore, for the interfaces considered in this work, the surface orientation
was determined based on the minimal lattice mismatch condition. Heterostructures for
PSC applications with larger lattice mismatch can also bee considered, as they have been,
for example, in a study by Sultana et al. [84], but one has to keep in mind that it could
lead to the formation of defects and structural instabilities. Further, in the direction of the
growth of the heterostructure, the supercell needs to have sufficient number of atomic lay-

ers so that far away from the interface periodic behavior is recovered which is not affected
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by the presence of the interface. Typically, interface effects are present only within the
first few atomic layers away from the interface, while deeper into the slab the bulk-like
behavior is restored. That means that the relevant properties, such as band offset, can be
studied in supercells formed by joining two materials composed of several unit cells [49].

Supercell models can be created in two ways:

* as an alternating model, where several unit cell thick slabs of two materials are

periodically repeated,

* as an isolated interface, where two slabs are joined together, and their outer surfaces
are separated by a sufficiently thick layer of vacuum so that the interaction between

the outer surfaces does not significantly affect the total energy of the supercell.

In this work the isolated interface model was used, where the thickness of the vacuum was
tested for convergence. This means that the thickness of the vacuum was chosen based
on the condition that the interaction of the outer surfaces has negligible effect on the total
energy of the system. The convergence of the vacuum layer thickness is covered in the
Appendix A. This model, however, introduces some undesirable effects, such as dangling
bonds, which can lead to the formation of mid-gap localized states in the band structure.
Because studied materials belong to different lattice systems, some of them needed to
undergo a coordinate transformation. As two of the metal oxides are tetragonal lattice
systems, the easiest way to join those metal oxides with hexagonal lattice perovskites is by
redefining the hexagonal lattice systems in an orthorhombic basis. This does not change
the physics or the chemistry of those systems. It is merely a change of the coordinate
basis, or in other words, change of the frame of reference. Then, strain is introduced to
compensate for the lattice mismatch. Because of the large lattice mismatch between ZnO
and BMO/SMO hexagonal lattice parameter a, they were all redefined in the orthorhombic
basis to comply with the low lattice mismatch condition. Additionally, due to large lattice
mismatch between TiO, a lattice constant with all investigated perovskites, TiO, was
rotated around z axis by 45°, making its x-y plane diagonal the "new" « lattice parameter.
The lattice parameters which were used for heterostructure supercell models are listed in
Table 5.1. Rearrangement of hexagonal systems into orthorhombic lattice, and rotation of
TiO, led to lattice mismatches below 4% in most cases, which can be seen in Table 5.2.
Conversion of SMO, BMO and ZnO into orthorhombic lattice is represented schematically
in Figure 5.1. The conversion also included rightward shift of the unit cell in SMO and
BMO case, setting oxygen anions at the corners. This was done because metal oxides
mostly contain transition metal cations at the corners of their cells, which should ensure

interaction of oppositely charged ions at their interface with the perovskites.
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Table 5.1: Lattice parameters used for generation of the supercell heterostructure models. All
hexagonal lattices are converted to orthorhombic lattice, and TiO; is rotated 45° around z-axis,
making its diagonal the new a lattice parameter.

ZnO°™"  Spn0, TiO, CaMnO;  SrMnO;°™  BaMnO;°'the

a (A) 5.63 476  5.36 5.41 5.53 5.74
b (A) 3.25 - - 7.57 9.57 9.94
c(A) 5.20 3.19 9.86 5.34 9.28 9.44

Because in most cases low strain is imposed on the perovskite, no large changes of out-
of-plane lattice parameter in the perovskite should occur. This was further tested on bulk
strained models, where only out-of-plane parameter was alowed to relax, with in-plane
lattice parameters fixed to the values imposed by the metal oxide substrate. In general, very
small change of out-of-plane lattice parameter was observed, between 0.01 A and 0.08 A.
The exception is CMO conformed to SnO,, for which very large change was observed. Due
to very large biaxial compressive strain on CMO conformed to SnO, lattice, a significant
expansion of the out-of-plane lattice parameter of CMO is predicted, from 7.57 A to
10.42 A. Because of this, for CMO heterostructure with SnO,, the out-of-plane lattice
parameter of CMO in the heterostructure was set at its expanded value, while for other
heterostructures the perovskite out-of-plane lattice parameter was initially set to their bulk
value. Furthermore, for supercell of this size, the out-of-plane lattice parameter cannot
be defined very precisely as in the bulk case, since the interface interaction can affect
interlayer distance in the vicinity of the interface. Only for sufficiently large supercells
would out-of-plane lattice parameters eventually relax to their true value. For optimal
lattice matching, in several cases ETL slab needed to be formed by stacking several unit
cells in certain directions. For instance, heterostructures of ZnO with SMO and BMO
contain three unit cells of ZnO stacked in y direction, where b lattice parameter becomes
9.75 A, ensuring excellent matching with b lattice parameters of SMO and BMO of
9.54 A, and 9.95 A, respectively. Similarly, to ensure good matching with both b and ¢
lattice parameters of SMO and BMO, SnO, slab contained two unit cells in both x and y
directions. SMO and BMO were then rotated to join their (010) surface with (001) surface
of SnO,. Using double unit cells of SnO, in both x and y direction gave lattice parameter
of 9.52 A in the tetragonal supercell, leading to a low mismatch with lattice parameters of
SMO and BMO.
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Table 5.2: Difference in lattice parameters for selected surface orientations of studied heterostruc-
tures.

CaMnO; SrMnO; BaMnO;

Zn0O 3.9%, -2.7% 1.8%, 1.8% -1.9%, -1.9%
SnO,  -13.7%, -12.2%  2.5%, -0.5% -4.4%, 0.8%

TiO, -0.9%, 0.4% -3.1%,2.9%  -7.1%, -0.8%

BaMnOs, SrMnO3
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Figure 5.1: Conversion of hexagonal lattice into orthorhombic for a) SrMnO3; and BaMnOj3, and
b) ZnO. Blue rectangle displays edges of the orthorhombic lattice.

Regarding the surface terminations of perovskites, terminations with mixed anion-cation
compositions were chosen, for better coupling with metal oxides, as all used metal oxides
in considered directions have mixed composition. Only for wurtzite ZnO that could not
be achieved with the (001) surface orientation, as it has only two possible terminations in
that direction, either Zn or O termination, which are both polar. However, this orientation
was only used in ZnO heterostructure with SMO and BMO. For these heterostructures Zn
termination was selected, because SMO and BMO contain the same number of oxygen
anions as the number of Zn cations at ZnO (001) surface. Other possible surface termi-
nation of SMO and BMO in (001) direction is Mn termination, which is also polar. If
the ZnO/SMO and ZnO/BMO interface was formed with oxygen terminated ZnO surface
and manganese terminated SMO and BMO surface, strong electrostatic interaction could
be expected. However, due to the mismatch in the number of oppositely charged ions at
those two surfaces and complex mixed ionic-covalent bond that these compounds have,
it is difficult to predict whether this type of interface would be more stable than the in-
terface arrangement that was studied. Additional investigation of this interface formation

would provide answers, but due to high computational cost that interface configuration
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was not considered. For TiO, heterostructure, SMO and BMO (001) orientation was also
selected, with barium/strontium and oxygen termination, as the only other option was,
again, manganese termination. In (010) direction, SMO and BMO have two possible
terminations. Mixed termination, composed of all constituents (A, B and X), and oxygen
only termination. The oxygen only termination would likely not make a stable interface
with SnO,, because the interface would be over saturated with anions. CMO has two
possible terminations in (010) direction, MnO, and CaO termination. Previous reports on
the stability of these terminations are contradictory [85, 86]. Because the chosen surfaces
of metal oxides are always formed by both transition metal cations and oxygen anions
(for CMO-based heterostructures), MnO, terminated CMO surface was considered as the
better choice, as it enables oxygen-transition metal bonding at the interface.

Because of the strain imposed on the perovskites, in the vicinity of the interface
their electronic properties might undergo changes. This highly depends on the type and
magnitude of strain. Next section is dedicated to the investigation of changes in the
electronic properties of the perovskites under induced strain. This is also very important
as the strain can affect the position of VBM and CBM with respect to the average potential,
hence affecting the band offset.

5.1 Strained perovskites

Inducing strain on the perovskites changes the overlap of atomic orbitals and the periodic
crystal potential. This induces changes in the electronic structure. The effect depends on
how large the lattice mismatch is, and whether the strain is compressive or tensile. Because
in most cases the lattice mismatch is small, the strain caused by the lattice mismatch will
presumably not induce significant changes in the electronic structure. Nevertheless, those
changes are important to consider even for low strain, due to the contribution to effective

mass and band offset.
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Figure 5.2: Band structures of manganese perovskites under strain. Metal oxides and induced
strains are given in the parentheses.

Figure 5.2 displays band structures of the strained perovskites. For CMO, under smaller
strain, high curvature of the conduction bands is retained. When high compressive strain
is induced, conduction bands flatten noticeably. A decrease of the band gap to 0.78 eV for
predominantly tensile strain is visible, as well as an increase of the band gap to around
1.15 eV for large compressive strain. For CMO strained over TiO, lattice, the band gap is
nearly identical to the band gap of bulk CMO, as expected for low imposed strain.

In SMO and BMO even with small imposed strain, flattening of the conduction bands
can be seen. Changes also occur within the valence band, but high density of valence
states is retained. In SMO, both conformed to ZnO and SnO,, a reduction of the band
gap is observed due to tensile strain, calculated at 1.29 eV and 1.31 €V, respectively. For
SMO conformed to TiO, lattice, despite more balanced strain with slight dominance of
compressive component, the band gap is reduced to 1.35 eV. On BMO, compressive strain
was imposed, leading to an increase of the band gap: it is 1.37 eV when conformed to
Zn0, 1.29 eV when conformed to SnO,, and 1.39 eV for BMO strained over TiO, lattice.
Among strained CMO structures, the position of VBM is the lowest for CMO conformed
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Figure 5.3: Valence band maximum position and difference between valence band maximum and
average potential for strained CaMnOs3.

to SnO,, facilitated by the large expansion of the unit cell in z direction (Figure 5.3), and
is lower than VBM for non-strained CMO (9.00 eV). For band offset, the change in the
difference between VBM and the average potential is even more significant. Figure 5.3
shows similar differences between VBM and average potential for all CMO structures,
despite differences in strain. In CMO conformed to ZnO and TiO,, this is due to low
and fairly balanced strain (very similar magnitude of tensile and compressive strain in two
different directions). In CMO conformed to SnO,, this is due to previously mentioned large
expansion of the lattice parameter perpendicular to the interface. In general, band edge
positions are more impacted by the strain than the average potential. This is because the
strain mostly affects the average potential through expansion or contraction of the lattice
parameter perpendicular to the interface, as it affects interlayer distance. On the other
hand, positions of VBM and CBM are affected through the change in the bond length and
bond angle of the MnOg octahedra, which change due to the difference in orbital overlap
under different strain conditions.

Figure 5.4 shows that the positions of VBM in SMO are lowered compared to non-strained
SMO when tensile strain is introduced (bulk non-strained VBM position is at 9.42 €V).
SMO conformed to TiO, is closest to the non-strained SMO in terms of VBM position,
which is due to fairly balanced compressive and tensile strain magnitudes. This enables
much of the induced biaxial strain to be relaxed without significant change in the lattice

parameter perpendicular to the interface. When SMO is conformed to ZnO lattice, the
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Figure 5.4: Valence band maximum position and difference between valence band maximum and
average potential for strained SrMnQj3. Lattice mismatch percentages are given in the parentheses.

most noticeable shift of VBM occurs under uniform biaxial strain, while nearly uniaxial
strain on SMO conformed to SnO, lattice produces lower VBM shift, as expected. Band
structures and average potentials were calculated on models where the lattice parameter
perpendicular to the interface was not relaxed, except for the case of CMO conformed to
SnO,. Because of that, the strain produces less pronounced change in the average potential
compared to change which was induced on VBM positions. The reasons this approach
was taken will be further explained in the following sections. While VBM did slightly
shift upon strain relaxation, as well as the position of average potential, the difference
between VBM and average potential changed very little between non-strain relaxed and
strain relaxed case. While this can affect the relative positions of VBM and CBM, it will
further be revealed why this approach was considered as reasonable.

For strained BMO, the largest change in VBM position compared to non-strained VBM
(9.60 eV) is found when it is conformed to TiO, lattice, causing a VBM shift of around
1 eV, while the shift of around 0.4 eV to 0.5 eV occurs in other two cases. Because the
VBM position for BMO conformed to ZnO and SnO, is nearly the same, the difference
between VBM and average potential is nearly identical. For BMO conformed to TiO; this
difference is slightly larger. For BMO, two different strain conditions (for ZnO lattice and
and Sn0O,), produce less noticeable changes in VBM position compared to similar case
in SMO. Furthermore, for both SMO and BMO conformed to SnO, lattice strain is more

pronounced along a single axis, but the uniaxial strain is of larger magnitude for BMO.
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Figure 5.5: Valence band maximum position and difference between valence band maximum and
average potential for strained BaMnO3.

This indicates that SMO undergoes more significant changes at the top of the valence
band compared to BMO, and is likely more prone to structural deformations than BMO.
It is also possible that tensile strain produces larger changes in the valence bands than
compressive strain of similar magnitude.

For the strained perovskites the optical properties were not investigated because the
strained layer is not very thick, and perovskites regain their bulk properties far from
the interface. However, even if the perovskites retain the strained structure, the strained
perovskites band gaps are all in the desirable range for optical absorption, and their band
structures still indicate high density of valence states, indicative of high JDOS at nearly
the same energy range as in the non-strained bulk configuration. This means that for the

most part, their optical properties are not negatively impacted by the imposed strain.

5.2 Structural properties of the heterostructures

Because some of the heterostructures contain large number of atoms, the generation and
relaxation of the heterostructure models had to be conducted in several steps. To reach
the relaxed structure, the first step included the formation of the supercell model with one
unit cell of metal oxide and one unit cell of the perovskite. Their periodic images are
separated by a sufficiently thick vacuum slab. Interface distance in all heterostructures was
set to 2 A. To prevent surface reconstruction, the atomic layers at the outer slab surfaces

were fixed. After the relaxation was conducted, additional unit cell was added to both
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sides. This formed a heterostructure model composed of two unit cells of metal oxide,
and two unit cells of perovskite. For this model, the outer surface layers were also fixed.
The final supercell models contained three unit cells of both slabs. To relax the slab with
three unit cells, the individual two unit cell slabs were isolated with previously relaxed
atomic coordinates. To ensure smooth transition from the interface region to the bulk-like
region, the added third unit cell needed to be relaxed to smoothly join with the two-unit
cell slab. As interface effects have already been considered, the interface unit cell of
each slab had fixed atomic positions. The rest of the atoms, except for the outer surface
layer atoms, were allowed to fully relax their positions. This way, interface effects are
included, bulk-like region has smooth behavior, and surface reconstruction does not take
place. Surface reconstruction is undesirable, as it would introduce difficulties, such as
the distortion of the structure towards the outer edge, leaving limited room for bulk-like
structure to develop. Figure 5.6 shows the initial heterostructure configurations and the
relaxed structures. For CMO heterostructures, no major changes occur within CMO slab
for low strained cases (ZnO and TiO, heterostructures). What can be seen in those cases
is a very subtle displacement of oxygen anions in the interface atomic layer of CMO. In
ZnO/CMO heterostructure the interface effects are only visible in the boundary layers
at the interface, with barely noticeable changes at the next atomic layer in each slab.
Deeper within the slab on each side both materials retain their bulk-like structure, which
is expected for ZnO due to no imposed strain, but could also be expected in CMO because
of simultaneous tensile and compressive strain of similar magnitudes. In TiO,/CMO the
small strain on CMO causes no visible changes within the slab. To form oxygen-transition
metal bonds at the interface, oxygen ions displace. Due to MnO, layer symmetry, two
oxygen ions of TiO, layer move down, and two oxygen ions on the right side of TiO,
interface layer only slightly displace, likely to form a bond with manganese ion shown in
the middle of the MnQO, interface layer in Figure 5.6. Because of the increased distance
between two oxygen ions of TiO, interface layer to any of the manganese interface ions,
it is unlikely they were able to form bonds. Also visible is the shift of entire CMO slab to
the left, with most noticeable shift at the close to the interface. Only minor changes were
observed within second atomic layers in both slabs, and regain of bulk-like behavior deeper
within each slab. In SnO,/CMO heterostructure more pronounced changes are visible at
the interface, although not very significant apart from a displacement of oxygen ions in
MnO; interface layer away from the atomic layer center. What is more evident is the change
within the perovskite due to high strain. Large expansion of CMO along the direction of
the growth of the heterostructure caused substantial atomic layer rearrangement, disrupting

the symmetry.
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Figure 5.6: Starting configurations for the nine heterostructures and configurations after structural
relaxation. To distinguish between different ions, they are colored as follows: ® oxygen, ® calcium,

® strontium, ® barium, ® manganese, ® zinc, ® tin, and

titanium.
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5.2 Structural properties of the heterostructures

In the heterostructure form the lattice parameter perpendicular to the interface in relatively
small supercells, such as these, is not as well defined as it would be for much larger
supercells. The average of the lattice parameter which is perpendicular to the interface
was closer to their bulk values then to the values obtained under strain relaxation. The
exception is CMO conformed to SnO, for which this lattice parameter was initially set to
the expanded value.

In SMO and BMO, again, due to many similarities, very similar changes occur upon
structural relaxation. In their heterostructure with ZnO, the number of zinc ions in the
zinc terminated surface is the same as the number of oxygen anions in the boundary
layer of the perovskites. This leads to the displacement of oxygen anions towards the
interface (Figure 5.6), while barium/strontium cations displace towards the manganese
atomic layer. How this affects the charge density and bonding at the interface will be
further analyzed later. Similar displacements occur in SMO and BMO heterostructure
with SnO,. Due to the position of strontium/barium cation with respect to the middle
tin cation, strontium/barium atoms displace upward, and perovskite boundary oxygen
anions displace toward the interface to balance the interface charge density. A single
oxygen ion of SnO, displaced to the middle of the interface to bond with manganese and
strontium/barium, with more pronounced displacement in SnO,/SMO heterostructure. In
TiO, heterostructures, most noticeable is the oxygen displacement at both sides of the
interface. Again, more severe changes occur at TiO,/SMO interface than for BMO. Most
notably, a much more significant shift of oxygen from SMO interface layer occurs. This
is visible from the shift of oxygen with respect to edge strontium cations, which is much
more pronounced than shift of edge oxygen at BMO interface layer. Additionally, the two
inner oxygen cations from the interface layer slightly move upward towards manganese
in BMO, but displace significantly more in SMO. It appears as the interface interaction
of TiO, with SMO causes a noticeable tilt of TiO, slab. This tilt is occurs close to the
interface in BMO heterostructure, but not nearly significant as in SMO heterostructure.
TiO,/BMO heterostructure shows boundary layer oxygen displacements on both sides of
the interface. While two corner oxygen ions from BMO boundary layer move towards
the interface, two middle oxygen ions move toward BMO slab, reducing the bond length
with manganese. This likely occurs due to increase of bond length of manganese with
corner oxygen ions, which moved toward the interface to form bonds with corner titanium.
Periodic arrangement is restored from third atomic layer away from the interface in both
slabs. Due to the arrangement of TiO, and SMO and BMO surfaces, there is several ions
that were unable to form interface bonds. Again, larger changes within the perovskite
slab are visible in SMO compared to BMO in their heterostructure with TiO,, despite

larger strain being imposed on BMO. As the strain on SMO in this case is predominantly
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compressive, the larger changes within the slab can no longer be assumed to result from the
difference in strain type. In SMO and BMO heterostructures with all studied metal oxides,
a more pronounced change within SMO slab can be observed compared to BMO slab.
While BMO retains bulk-like atomic positions deeper within the slab, SMO undergoes
noticeable changes. This can be attributed to larger displacement of interface ions in the y
direction in SMO heterostructures compared to BMO. SMO, additionally, has lower bulk
modulus, which also impacts the changes it undergoes under strain [87, 88]. The observed
structural changes in SMO are in line with previously larger observed changes in VBM
position in SMO compared to BMO with similar strain magnitude. Nevertheless, the new
atomic arrangement assumed upon relaxation further repeats within the slab of SMO in
a periodic manner, showing that the imposed strain and interface interaction leads to the
change of symmetry within SMO slab. In the following sections electronic properties are

going to be correlated to the structural changes upon interface interaction.

5.3 Electronic properties

5.3.1 Charge density

To analyse the changes in the electronic properties induced by the interface interaction,
valence electron charge density is first investigated. Figure 5.7 shows that for all three CMO
heterostructures changes of the interface MnO, layer charge density mostly occurs due to
the displacement of oxygen ions from the atomic layer, which is centered on manganese
cations. In ZnO/CMO heterostructure this effect is almost non-existent. This results in a
charge density peak of the same height as deeper within CMO slab. Charge density peaks
are also consistent throughout the ZnO slab, as well as at the interface. More pronounced
changes occur in TiO,/CMO heterostructure. The displacement of oxygen of MnO, lowers
the density peak of the interface atomic layer, while the changes at TiO, interface layer
produced by the interaction with CMO surface increase the density peak. This is due to
the composition of MnQO, atomic layer, which has two oxygen ions below and two above
manganese atom. Due to the proximity of two MnO, oxygen ions to TiO, oxygen, TiO,
oxygen ions shifted downward, increasing the charge density of the interface layer of TiO,.
In SnO,/CMO heterostructure, charge density of the interface MnQO, layer decreased as
two oxygen ions moved further away from the atomic layer centered at manganese cation.
Changes also occur in the SnO, interface atomic layer, mainly due to the change in the
interlayer distance between two atomic layers closest to the interface. Also visible is the
inconsistency of charge density across CMO slab, which is a result of structural changes
caused by large imposed strain. In TiO,/CMO, MnO, layer oxygen displacement lowered

the plane-averaged charge density peak, and lowered the interlayer distance between MnO,
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and CaO layers, evident from the reduction of the value of the local minimum between
those two layers.

Figure 5.7 further shows similar charge density plots for SMO and BMO based het-
erostructures. In their heterostructure with ZnO, interface layer of mixed anion-cation
composition demonstrates changes in the charge density. Oxygen ions displace towards
the interface, and the remaining cation-only atomic layer displaces towards the perovskite
slab. Changes are restricted to two atomic layers closest to the interface. Because inter-
face layer barium/strontium ions shift deeper towards the middle of the perovskite slab,
the charge density of the second atomic layer away from the interface increases. This is
because of increased proximity of large cations (barium/strontium) to smaller manganese
cations, or in other words, due to reduction of interlayer distance between barium/strontium
and manganese atomic layers. In ZnO, reduction of the second charge density peak away
from the interface is visible, which was affected by a small displacement of several zinc
ions. In SnO, heterostructures with SMO and BMO, the lowering of the interface layer
charge density peaks also comes from the displacements of oxygen ions at both surfaces.
However, this was not as pronounced as in ZnO heterostructures. Additionally, a single
oxygen ion of SnO, displaced significantly as it moved into the middle of the interface,
which lowered the charge density peak of SnO, interface atomic layer. Further into the
slabs the periodic bulk-like behavior is restored beyond second atomic layer away from the
interface, visible from the constant value of the macroscopic average of the charge density.
In TiO,/BMO significant changes were observed in charge density around the interface
(Figure 5.7). The shift of several oxygen ions towards manganese atomic layer increased
the charge density at that area, and reduced charge density of the interface atomic layer.
Similarly, ionic displacements of first two atomic layers of TiO, closest to the interface
caused significant changes in the charge density. Further away in both slabs macroscopic
averaged charge density settled at a constant value, demonstrating bulk-like behavior in the
middle of each slab. In TiO,/SMO charge density at the interface displays large differences
compared to charge density deeper within each slab, facilitated by the larger changes of
interface surfaces compared to BMO case. Further beyond second atomic layer periodic

behavior is restored.
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Figure 5.7: Plane-averaged valence electron charge density shown with blue lines, and macro-
scopic average of the charge density shown with magenta lines for all nine heterostructures. Below
each charge density plot a heterostructure supercell is shown for easier navigation. The ions are
distinguished by colors as: ® oxygen, ® calcium, ® strontium, ® barium, ® manganese, ® zinc,

® tin, and © titanium.
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However, throughout SMO slab difference in the plane-averaged charge density are notice-
able compared to BMO slab. While throughout BMO slab a true bulk-like plane-averaged
valence electron charge density behavior is found, where smaller density peaks belong-
ing to manganese atomic layers have the same peak value, in SMO they are of different
heights. This confirms that the changes in SMO slab are not restricted to only interface
region, and that interface interaction causes changes throughout SMO slab. Nevertheless,
the plane-averaged charge density demonstrates that this repeats periodically throughout
the slab, further showing that interface interaction and possibly strain caused changes in
the symmetry of SMO.

More detailed picture on the changes in the charge density upon interaction at the
interface can be obtained by calculating the charge density difference. This difference is
expressed as the difference between charge density of the interface and of two isolated

slabs, where atomic positions are kept the same as in the heterostructure model

Ap = pryro/xmo — PMo — PXMO, (5.3.1)

where py0/x mo 18 the charge density of the metal oxide/perovskite heterostructure, while
pmo and pxao are the charge densities of the isolated slabs. This way one can observe
changes in the charge density that occur only due to the interaction at the interface.

For ZnO/CMO, charge density difference shows charge accumulation regions formed
mainly around oxygen ions, and along oxygen-transition metal bonds. This confirs covalent
bond formation. Arrangement of ZnO surface atoms at ZnO/CMO interface allows all
manganese ions at the MnO; surface to form bonds with oxygen of ZnO, as well as zinc with
oxygen of CMO. Displayed charge density difference indicates that the interface should
be stable due to the formation of interface bonds. For CMO heterostructures with SnO,
and TiO, this is not the case, as charge density difference shows partial bond formation
at those interfaces. For SnO,/CMO, plane-averaged charge density difference reveals
electric dipole formation at the interface, due to charge accumulation region at SnO,
surface, followed by a charge depletion region at the interface of similar magnitude. After
the relaxation, oxygen ion of SnO, and of CMO got close enough that the electrostatic
repulsion between them caused electrons to move away and form a depletion region
between. Small fluctuations of the plane-averaged charge density difference within SnO,
slab show that the charge density responds to formed interface dipole. In TiO,/CMO,
charge density difference in Figure 5.8 shows significant charge redistribution at the
interface region. Very similar to SnO,/CMO, a large depletion region is formed between
two interface oxygen ions which got fairly close due to MnO, layer symmetry, and due to
oxygen placement at TiO, surface. Charge accumulation at the interface region confirms

covalent bond formation, mainly between titanium and MnO, layer oxygen, and partly
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due to manganese-oxygen interface bond. Only partial Mn-O bond formation resulted in
larger charge transfer from TiO, interface to CMO interface layer than from CMO to TiO,,
which will be confirmed with Lowdin charge analysis. In ZnO/SMO and ZnO/BMO,
charge density difference plot reveals charge depletion regions around zinc ions, and

charge accumulation around displaced oxygen ions of the perovskite (Figure 5.8).
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Figure 5.8: Charge density difference isosurfaces and plane-averaged charge density differences
at the interfaces of all studied heterostructures. Yellow isosurfaces show charge accumulation
regions, and blue isosurfaces display charge depletion regions in all charge density difference
visualizations. The isovalue was set at 0.005 e/A>. Here, ions are colored as: ® oxygen, ®
calcium, ® strontium, ® barium, ® manganese, ® zinc, ® tin, and © titanium.
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This creates well defined regions of charge depletion and accumulation along the direction
of the growth of the heterostructure, forming an interface dipole. Because of the locations
of the charge depletion and accumulation regions, ionic character of Zn-O bond can be
assumed. Additionally, charge density distribution along the bond points to the partial
covalent bond character. One dimensional plot of the charge density difference in Figure
5.8 shows large depletion region at the interface, followed by a charge accumulation region
at oxygen atomic layer. A large depletion region around oxygen ions of BMO was shown to
be a result of a weakened bond between oxygen and barium, due to the increased distance
between oxygen and barium, and due to bond formation with zinc. In SMO and BMO
heterostructure with SnO,, changes in the charge density are easily visible at two layers
closest to the interface in both materials. For SnO,/SMO and SnO,/BMO, although Figure
5.8 reveals a fairly balanced charge depletion and accumulation regions, polarity changes
were observed at the second and third layer of SnO, around oxygen ions. This indicated
the presence of the electric field due to interface dipole. Most interface ions were able to
form bonds, although several were left with dangling bonds. This is easily visible from
the centre towards the right side in SnO,/SMO and SnO,/BMO heterostructures in Figure
5.8, where several ions without interface bonds can be observed. For TiO,/BMO and
TiO,/SMO, charge density difference in Figure 5.8 shows Ti-O bond formation. However,
at TiO,/BMO interface none of barium ions were able to form bonds, leaving them,
and several oxygen ions from TiO, with dangling bonds. In SMO case, due to larger
interface atomic displacements, one of two strontium ions was able to bond with oxygen
of TiO,. Density depletion region at the interface was formed above titanium ions in
both cases. Because of large electronegativity difference between titanium and oxygen,
titanium loses electrons to oxygen for partly ionic bond, while charge accumulation along
the bond demonstrates covalent bond character as well. Charge is also depleted above
several oxygen ions of TiO, due to proximity of BMO/SMO oxygen ions. Based on the
plane-averaged charge density difference plots, TiO,/BMO appears to undergo the most
severe charge density changes, due to by far the highest valued peaks of charge depletion
and charge accumulation. The largest value of charge accumulation is found below oxygen
ions of BMO interface layer. Charge is depleted below them as they form no interface
bonds, and electrons are redistributed along Ba-O and Mn-O bonds. A large accumulation
region is also found across the interface, a result of Ti-O covalent bond formation.
Importantly, both macroscopic average plots and 3D charge density differences show
that the bulk-like periodic behavior is restored within one unit cell away from the interface.
This confirms that the models are sufficiently large so that relevant interface properties

can be studied.
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Charge transfer at the interface

To further study the interactions at the interface and bond formation, Léwdin charge
analysis was performed [89]. Charge analysis allows one to gain knowledge on possible
charge transfer which impacts potential alignment. For this, total charge of the atomic
layers close to the interface was calculated. This was done for interface supercell model
and for individual slabs. By calculating total charge difference of the same atomic layers
in the heterostructure and in the isolated slabs, a redistribution of charge at the interface
can be revealed. Table 5.3 shows the amount of charge each surface gained or lost due to
interface interaction. For total charge of interface layers the charge of each ion forming the
interface layer was summed. This was conducted for isolated slabs, and for the interface.
Finally, to deduce possible charge transfer, the difference between total charge of the
metal oxide interface atomic layer in slab structure and in interface model was calculated.
The same was done for the perovskite interface atomic layer. In most cases charge is
transfered from the metal oxide interface layer to perovskite interface layer. Opposite
charge transfer was observed only in SnO, heterostructures with SMO and BMO. This
is mainly due to the interface composition of SMO and BMO in those heterostructures,
where they contain manganese in their interface layers. This led to significant charge
transfer from manganese to oxygen of SnO, upon bond formation. In the cases where
charge was transfered from metal oxide layer to perovskite interface layer, charge transfer
mostly occured from transition metal cations to perovskite oxygen. Charge transfer further
confirms partial ionic bond formation at interfaces. It was found that the largest charge
transfer from metal oxide interface layer to perovskite interface layer occurs at ZnO/BMO
and ZnO/SMO interfaces. This is a result of interface layer compositions. Because
of large electronegativity difference between zinc from ZnO interface layer, and oxygen
anions from SMO and BMO interface layer, significant charge transfer occurs from zinc

to oxygen.

Table 5.3: Total charge difference for interface models and slab models calculated from Lowdin
charge analysis. Negative value indicates the loss of charge for the interface atomic layer in the
interface model compared to isolated slab model, and positive value indicates gain of charge for
the interface model compared to isolated slab model. All total charge values are expressed in the
units of e, where e is unit charge.

Zn0O/ SnO,/ TiO,/ Zn0O/ SnO,/ TiO,/ Zn0O/ SnO,/ TiO/

CaMnO; CaMnOs; CaMnOs; SrMnO; SrMnO; SrMnO; BaMnO; BaMnO; BaMnO;

metal oxide -0.16 -0.18 -0.13 -1.34 +1.56 -0.01 -1.36 +1.53 -0.44

perovskite +0.31 +0.14 +0.09 +1.82 -1.06 +0.10 +1.85 -1.06 +0.29
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It is worth noting that the total charge transfer also depends on the number of ions that
form the interface layer on both sides of the interface. Because of that, SMO and BMO
heterostructures generally show larger charge transfer compared to CMO heterostructures.
However, in TiO,/SMO and TiO,/BMO heterostructures smaller overall charge loss is
found on TiO, side, mainly due to charge depletion on an oxygen ion of TiO,, and
not so much due to charge transfer. In the interface model titanium ions slightly gain
charge, which is attributed to redistribution of the charge of oxygen ions which did not
form interface bonds with SMO and BMO interface layer ions. At TiO,/CMO interface,
charge transfer across the interface is found mainly between titanium and oxygen, while
due to partial Mn-O bond formation, charge transfer from CMO interface layer to TiO,
interface layer was much smaller. Because manganese and titanium have nearly the same
electronegativity, and both interface layers contain the same type of anions, similar charge
transfer from metal oxide to perovskite, and from perovskite to metal oxide could have
been expected if all transition metal-oxygen bonds were formed. However, as only one of
two manganese ions formed interface bond, while all titanium ions bonded with oxygen
of CMO, there is larger charge transfer from metal oxide surface to perovskite surface.
Additionally, from Table 5.3 it can be easily seen that charge difference in TiO,/CMO is
the smallest among all studied heterostructures, due to several ions at each surface that did
not form interface bonds. Perovskite to metal oxide charge transfer across SnO,/SMO and
SnO,/BMO interface has a magnitude comparable to charge transfer of ZnO/SMO and
ZnO/BMO interfaces. Much lower charge transfer is found at CMO interfaces compared
to SMO and BMO interfaces. This can be mainly attributed to CMO surface termination.
While transition metal-oxygen bonds generally contribute to the interface stability, with
Ca-O termination a larger charge transfer could be expected due to larger electronegativity
difference between calcium and oxygen at two different surfaces. However, most studies on
methylammonium lead iodide perovskite and metal oxides interfaces show higher interface
stability when MAPI is terminated with Pbl, surface.

5.3.2 Heterostructure band structures and effective masses

The band structures of the interface supercell models are shown in Figure 5.9. Because
the band structures show energies of the entire supercell, and not just the interface region,
issues can arise during the analysis. One of such issues is the formation of states localized
at the outer surfaces, a result of dangling bonds. Because these types of states do not
appear in the heterojunction devices, and are a result of the limited size model, such
states are disregarded and not considered in the analysis. The nature of the mid-gap states
is investigated by calculating the probability density for these states, and plotting their

isosurfaces. If the states appear localized at the outer surfaces of either slab, they are
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disregarded. One such state is found in ZnO/CMO heterostructure, and two in SnO,/CMO
and TiO,/CMO (Figure 5.10). Surface states are plotted with dotted blue lines in Figure
5.9.

Curvature of conduction bands in ZnO/CMO is visible. This indicates low effective
mass around the interface region in ZnO/CMO heterostructure. In SnO,/CMO a sharp
peak of CBM is visible, and high curvature of the first unoccupied state. However,
further at higher energies, conduction bands lose much of the curvature, which suggests
increased electron effective mass. Similarly to ZnO/CMO, with low imposed strain on
CMO in its supercell with TiO, ETL, high curvature of conduction bands is evident. With
low imposed strain on CMO its heterostructures display relatively high curvature of the
conduction band, indicative of lower electron effective mass. Additionally, probability
density has revealed that two unoccupied states at the bottom of the conduction band
in ZnO/CMO heterostructure are states localized to the interface region (Figure 5.11).
These states are shallow electron trap states that are only slightly lower in energy than the

subsequent conduction band states.

ZnO/CaMnO3 SnOZ/CaMnO3 TiOZ/CaMnO3
——=0

==

Figure 5.9: Band structures of isolated interface models. Magenta dotted lines represent localized
surface states. Green lines represent localized interface states. For all band structures zero energy
level is set at the top of the valence band. Energy bands are projected in the plane parallel to the
interface.
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While shallow electron trap states can act as recombination centers if they are formed below
conduction band edge of ETL, they generally do not contribute as significantly towards
increased recombination compared to deep trap states that can form mid-gap. No localized
interface states are found at the gap area in SnO,/CMO and TiO,/CMO interfaces. SMO
and BMO heterostructures with SnO, ETL show several mid-gap localized surface states.
It is assumed that a larger number of localized surface states appear due to larger number
of ions at the surface with dangling bonds. The confirmation that these states are surfaces
states can be seen in Figure 5.12.

Zn0O/CaMn0O;, Sn0,/CaMnO, TiO,/CaMnOg,

Figure 5.10: Probability density isosurfaces for mid-gap states in ZnO/CaMnQ3, SnO»/CaMnQO;
and TiO»/CaMnQOj; heterostructures.

Figure 5.11: Probability density isosurfaces for first two unoccupied non-surface states in
Zn0/CaMnQOj; heterostructure.
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It can be further observed from probability density isosurfaces that the first unoccupied
state in SnO,/SMO and SnO,/BMO heterostructures is an interface state (Figure 5.13).
While in SnO,/BMO heterostructure this is a shallow electron trap state, slightly below
subsequent conduction band states, in SMO heterostructure it is formed deeper within band
gap, making it much more detrimental for charge recombination. Furthermore, in both
heterostructures an interface state is found at lower energies. In BMO heterostructure it is
formed below Fermi energy, and shows a very shallow character, being only slightly higher
in energy compared to energy levels below. For SMO heterostructure, top of the valence
band interface state is much more dispersive and goes deeper towards unoccupied states.
Therefore, it can be concluded that in SMO and SnO, heterostructure states localized at
the interface have formed that have a significant impact on charge recombination. This is
mainly a result of a larger displacement of SnO, oxygen towards the center of the interface
in SnO,/SMO than in SnO,/BMO heterostructure.
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Sn0,/SrMn0O,

Figure 5.12: Probability density isosurfaces for several mid-gap energy states in Sn0,/SrMnO3,
SnOy/BaMnOj3, TiO»/BaMnO3 heterostructures. Yellow isosurfaces demonstrate that dotted lines
in the band structures are localized surface states. The order of the isosurface plots corresponds

to order of energy states, from lower to higher energy. Isovalue was set to 0.002 e/A> for SnO
heterostructures, and to 0.01 e/A3 for TiO, heterostructures.
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Beyond formed interface state in SnO,/SMO and SnO,/BMO heterostructure, the rest
of the conduction bands have a flat character, indicating higher effective mass. While
this has an impact on electron mobility through the interface region, this region is very
thin compared to the size of thin films in photovoltaic devices, being in the range of
several tens of nanometers to several micrometers. For instance, optimal SnO, ETL
thickness was found to be 15 nm [90]. Compared to the thickness of the interface region,
which is around 1 nm, it is easily concluded that this is a very narrow area compared to
device layer thickness, especially considering that perovskite thin films are typically even
thicker, around 250 nm to 750 nm [91]. In TiO,/SMO four interface states formed, and in
TiO,/BMO heterostructure, three interface states formed above occupied states, followed
by four localized surface states. In TiO,/SMO heterostructure, the formed interface states
form deeper within the gap, while in TiO,/BMO, interface states that emerge are shallow
hole trap states which do not significantly increase recombination as the difference between
top of the valence band and top of the interface trap states is around 0.2 eV. Localization
of interface states is visualized in Figure 5.14, and four surface states are visualized in
Figure 5.12. Bottom of the conduction band in TiO,/BMO resembles the bottom of the
conduction band of TiO,. It was further confirmed from probability density that first two
unoccupied states are TiO, bulk states. This suggests that the electron effective mass in

the vicinity of this interface should be around the same value as in the bulk of TiO,.

Figure 5.13: Probability density of two gap energy states of a) SnO»/SrMnO3 and b) SnO/BaMnO3
heterostructures. Yellow isosurface shows localization of the probability density to the oxygen ions
at the interface region. Isovalue was set at 0.005 e/A.
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In TiO,/SMO, the bottom of the conduction band has a flatter character, where likely
SMO conduction band states are at the bottom. This suggests that TiO, bulk conduction
states are at higher energies than SMO bulk states, hinting at type I band offset. Formed
interface states are a results of unbonded interface ions, mainly oxygen of BMO and SMO.
Although there was only partial bonding at the interface, no deep trap states were formed
mid-gap as a result of dangling bonds. Further, in SMO and BMO heterostructure with
ZnO ETL, highly dispersive states emerge. The nature of these dispersive states was
further investigated via probability density isosurfaces, which have shown that the first
unoccupied state is a localized interface state, two highly dispersive states are localized zinc
surface states, and the last highly dispersive state is perovskite bulk-like state. Probability
density plots for these states are given in Figure 5.15. Isovalue for the shown isosurfaces
was intentionally increased so that the isosurfaces show the most probable locations, and
not the entire range of possible locations, making it easier to facilitate characterization.
Despite band structures of ZnO/SMO and ZnO/BMO heterostructures displaying that band
gap is non-existent, because the formed states are identified as surface states, the actual
interface does not have a metallic character. This will be further confirmed from LDOS
in Chapter 5.3.4. A formed interface state is again a shallow hole trap state, formed at
the top of the valence band. Generally, most of the conduction bands at ZnO/BMO and
ZnO/SMO interfaces are flat, with increase in curvature at higher energies. This means

that for the most part lower electron mobility is predicted at these interfaces.
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Figure 5.14: Probability density isosurfaces for a) four interface states in TiO,/SMO, and b) first
three unoccupied states in TiOy/BaMnQ3 heterostructure. These states were highlighted with green

color in the corresponding band structures. The isovalue was set at 0.005 e/A°.

E (éV)

E (eV)

E (eV)

E (eV)

Figure 5.15: Band structures and probability densities for ZnO/BaMnQj3 heterostructure. Proba-
bility density isosurfaces in yellow are showing the locations of the electrons populating the energy

states highlighted in green color in the band structure plots.
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To calculate the change in the effective mass in the vicinity of the interface, lowest electron
effective mass was calculated for metal oxides and strained perovskites. Figure 5.16 shows
schematically how electron effective mass changes in the vicinity of the interface. Within
strained perovskites the electron effective mass is between 0.44m, and 5.99m,. Higher
electron effective mass within strained SMO and BMO means that it is more difficult
to transport photoexcited electrons through the strained region due to reduced mobility.
However, once the electrons are transported into the ETL, smaller effective mass aids
in their transport towards the electrode by reducing carrier recombination. For metal
oxides, the calculated effective mass was compared to previous measurements. Excellent
agreement was found for all three metal oxides. Previous measurements conducted via
cyclotron resonance gave SnO, electron effective mass of 0.23my, and for ZnO 0.29m,.
Theoretical calculation of the effective mass for TiO, which was previously conducted
based on GGA+U approach gave electron effective mass of 0.59m,, also in very good

agreement with our results.

BulkZnO Perovskite Bulk SnO, Perovskite Bulk TiO, Perovskite
_5.99mq
T 412m,
2.05m,
—
2.04m, 0.18m, R 0.89m, o68m, 0.90m,
0.44m, 0.85m,
0.46m,
— CMO — CMO — CMO
— SMO — SMO — SMO
— BMO — BMO — BMO

Figure 5.16: Approximated electron effective mass in bulk metal oxides and strained perovskites.
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5.3.3 Electrostatic potential

With theoretical methods, there are generally two approaches to calculate the band offset.
One approach is through the calculation of local density of states. Local density of states
(LDOS) shows spatial and energy dependence of density of states, and it can be effectively
used to study how energy bands align at the boundary of two semiconductors. However,
this approach is not used often due to high computational cost, as accurate calculation of
LDOS requires very dense k-point grid. Additionally, it is often difficult to obtain precise
values of band offsets. The second approach which can be applied to find the relative
band alignment of two semiconductors in contact is the electrostatic potential approach.
In this method, the average electrostatic potential is used as the common reference for
band edge position alignment. This is done by aligning the energy band edges (VBM and
CBM) to the average potential level of the bulk. Far from the interface the macroscopic
average assumes bulk-like behavior, indicated by the constant value of the macroscopic
average of the electrostatic potential. The differences between the position of the VBM
and CBM to the average bulk potential are transferred to the heterostructure electrostatic
potential. This is done on both sides of the interface, hence demonstrating how band edges
join at the junction. Potential lineup of two semiconductors is affected by several factors,
such as chemical composition of the semiconductors, electron affinities, Fermi levels,
surface orientation, and surface termination. Just as with charge density, electrostatic
potential is plane-averaged, where local minima correspond to atomic layers. Figure 5.17
shows plane-averaged potentials and their corresponding macroscopic averages. Small
deviations from the bulk-like behavior of the potential are found at ZnO/CMO interface.
This is in line with slight changes of the charge density due to the interface interaction,

and no predicted electric dipole formation.
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Figure 5.17: Plane-averaged electrostatic potential displayed with blue lines, and macroscopic
average of the electrostatic potential displayed with magenta lines. Red lines highlight constant
values of the electrostatic potential used for the potential difference (lineup) calculation.
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Similar behaviour is found in TiO,/CMO heterostructure, with slightly more noticeable
changes at the interface region, but with again, no observable electric dipole formation.
In SnO,/CMO heterostructure, interface region shows larger changes of the electrostatic
potential, caused by more pronounced interface interaction, and a small slope of the
electrostatic potential across metal oxide slab. Plane-averaged electrostatic potential
shows changes throughout CMO slab due to significant structural changes. Table 5.4
shows potential differences calculated from the macroscopic average potential lineup.
The values of the potential used for potential difference calculations are highlighted with
red in Figure 5.17. This potential value corresponds to the bulk average potential. In
all three heterostructures, CMO macroscopic averaged potential is deeper with respect
to metal oxide average potential. For CMO heterostructures with ZnO and TiO,, the
potential difference is similar. For SnO,/CMO heterostructure, much smaller potential
difference was calculated. Small potential difference is in part a result of an increase of
interlayer distance in CMO due to the large expansion in the direction of the growth of
the heterostructure under compressive strain. This shifts CMO potential upwards, giving
small potential difference with SnO,. For SMO and BMO, nearly the same electrostatic
potential plots were obtained, with small differences mainly due to difference in imposed
strain, and due to differences in interface interaction. A larger slope of the macroscopic
average of the electrostatic potential is found within ZnO slab in its heterostructures with
SMO and BMO, and very subtle slope in SnO,/SMO and SnO,/BMO heterostructures,
again, only on the metal oxide side of the heterostructure. In all studied heterostructures
no observable slope was found in the perovskite side. In TiO,/BMO interface region
electrostatic potential shows larger deviations from the bulk-like behavior. Despite larger
deviations at the interface, beyond unit cell closest to the interface macroscopic potential on
both sides attains constant value, demonstrating regain of bulk-like behavior. No interface
dipole effect was observed in Figure 5.17 for TiO,/BMO heterostructure, as macroscopic
average has a constant value throughout the majority of each slab. A large spike of the
electrostatic potential in the middle of the interface corresponds to low density region
at the interface. This is because the only contribution towards charge density across the
interface was found along Ti-O bonds. Even larger potential difference is found between
SMO and ZnO, and especially between BMO and ZnO compared to ZnO heterostructure
with CMO.

Table 5.4: Potential difference (lineup) across XMnQO3 heterostructures (X = Ca, Sr, Ba).

ZnO/ SnO, TiO,/ ZnO/ SnO, TiO,/ ZnO/ SnO, TiO,/

CaMnO; CaMnO; CaMnO; SrMnO; SrMnO; SrMnO;3 BaMnO; BaMnO; BaMnO;

AV (eV) -2.22 -0.86 -1.97 -2.43 -1.18 -0.57 -3.17 -1.54 -1.77
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For SMO and BMO the lowest potential difference was calculated in their heterostruc-
tures with SnO,. Same was found for CMO heterostructures. Because metal oxides have
significantly larger band gap, more than double compared to manganese perovskites, it is
expected that smaller potential difference should benefit the band alignment. TiO,/BMO
heterostructure shows larger potential difference, but still substantially smaller than in ZnO
based heterostructures. As hexagonal systems can easily be directly compared, the po-
tential difference calculations suggest that BMO based heterostructures have significantly
higher potential difference with studied metal oxides compared to SMO heterostructures.
While this can partially be attributed to strain differences on perovskites, the rest comes
down to interaction difference due to different A—site cation, and due to larger total num-
ber of electrons in barium compared to strontium, raising the total charge density, and
thereby lowering the electrostatic potential of BMO compared to SMO.

Potential difference is affected by the charge transfer at the interface. In ZnO/CMO
heterostructure, the largest charge transfer from CMO to metal oxide was observed among
CMO heterostructures, leading to the largest potential difference. In ZnO/SMO and
ZnO/BMO heterostructure the largest overall charge transfer from the metal oxide surface
ions to perovskite surface ions occurs, which causes the largest potential difference out of
all studied heterostructures. In TiO,/SMO and TiO,/BMO heterostructures charge transfer
from TiO, surface to perovskite surface also occurs, but at much smaller scale. This causes
lower relative potential difference compared to ZnO based heterostructures. Only in SMO
and BMO heterostructures with SnO, charge transfer from the perovskite surface to SnO,
surface was observed, which led to the lowest potential difference among SMO and BMO
heterostructures.

In the previous section, charge density difference isosurfaces have disclosed the presence
of the interface dipole. In ZnO/BMO and ZnO/SMO it was easily noticeable from layered
charged depletion and charge accumulation regions along the growth of the heterostruc-
ture, and in SnO,/BMO and SnO,/SMO the presence of electric field due to interface
dipole was observed from the polarity changes at SnO, atomic layers. The slope of the
electrostatic potential can introduce uncertainties into potential lineup calculation. The
level of uncertainty depends on the magnitude of the generated electric field, and on the
response of the charge density, as this electric dipole persists through the heterostructure
(non-vanishing dipole). To determine why metal oxides charge density responds far more
significantly to the electric dipole than the perovskites charge density, charge density dif-
ference isosurfaces were studied with significantly lowered isovalue. This reveals smaller
changes in the electron charge density, which shows as very useful for studying the ef-
fects of induced interface electric dipole. Significantly lowered isovalue for ZnO/BMO

interface demonstrates polarity changes around oxygen ions in ZnO. Because of Zn-O
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bond type and bond angle, charge density is depleted on the bottom side of oxygen ions
throughout the ZnO slab, and accumulates on top, with also visible polarity changes
around zinc ions, albeit at smaller scale. The alignment of charge depletion and accumu-
lation regions causes a pronounced slope of the electrostatic potential across ZnO slab in
the heterostructures with SMO and BMO. For the same isovalue no charge depletion and
accumulation regions emerge across SMO and BMO perovskites. To notice any changes
in the charge density of the perovskite slab, isovalue had to be further lowered. It was
then possible to observe local charge depletion and accumulation regions around oxygen
ions within BMO. However, the fact that isovalue had to be lowered significantly points
to the fact that the response of SMO and BMO charge density is minor. Due to the nature
of the bonding in SMO and BMO perovskites, the charge density responds in a way that
does not lead to slope of electrostatic potential across perovskite slab. More precisely,
the shown density charge accumulation and depletion regions resemble the shape of the 7
antibonding orbitals. Because of the bond angles with surrounding cations, the bonding
orbitals are oriented in a way that the induced polarity changes have no net effect on the
electrostatic potential in the direction of the growth of the heterostructure. Similar effect is
also found at BMO heterostructure with SnO,. However, due to the bond angle of oxygen
with tin, which is angled relative to the direction of the growth of the heterostructure,
and due to lower magnitude of electric field generated by interface electric dipole, the
response of the charge density around oxygen ions throughout SnO, slab is much lower
(Figure 5.19). Therefore, to be able to observe any polarity changes within SnO, slab,

1sovalue had to be reduced by an order of magnitude compared to ZnO/BMO case.
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Figure 5.18: Charge density difference isosurface for ZnO and BaMnQOj3 slabs extracted from their
heterostructure. Isovalue for ZnO slab was set at 0.001 e/A%, and for BaMnOj3 the isovalue was set
at 0.0001 e/A°.
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Even with such a low isovalue no visible changes were observed in BMO slab. Again,
isovalue had to be lowered another order of magnitude to be able to see any changes in
BMO slab charge density, which showed very similar charge depletion and accumulation
regions around oxygen ions as in ZnO/BMO case. Due to Mn-O and Ba-O bond angle
and bond type, charge density surrounding oxygen ions throughout BMO slab is barely
impacted by the interface dipole, and produces no net effect along the growth of the
heterostructure. Similar effects were found in SMO heterostructures. In general, the slope
of the macroscopic average of the electrostatic potential found in these heterostructures
can be attributed to larger polarity changes in metal oxide slabs than in perovskite slabs,
which depends on surface orientation and termination [92, 93].

For potential difference calculations of two slabs joined to form the interface, a con-
stant value of the electrostatic potential in the bulk-like region is required. For sloped
electrostatic potentials, the average potential over the middle unit cell in the metal oxide
slab was used. It was calculated as an average value of the plane-averaged electrostatic
potential across the region that corresponds to the middle of the metal oxide slab. The
average value calculated this way is highlighted in red in Figure 5.17.While it can be seen
that there is significant overlap of the red line for the SnO, based heterostructures, there is
significant deviation of the edges of the red line across ZnO middle unit cell in ZnO/SMO
heterostructure, and even more so in ZnO/BMO heterostructure. In the previous study
on the band offset in polar and nonpolar heterostructures the potential lineup for polar

interfaces was calculated using the linear least squares fitting [94].

Figure 5.19: Charge density diffence isosurfaces for SnO, and BaMnOj slabs extracted from
their heterostructure. Isovalue for charge density difference was lowered so that polarity changes
induced by interface dipole can be observed. Isovalue for SnO» slab was set at 0.001 e/A>, and for
BaMnOj; the isovalue was set at 0.0001 e/A3.
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There, it was assumed that the effects of interface dipole exist only in the two atomic layers
closest to the interface. From this assumption, the linear least squares fit line was drawn
along the macroscopic average of the potential, and the value of the potential at which the
linear squares fit line intersected the center of the second atomic layer was chosen as the
potential value for potential lineup calculation. In this thesis, this method was not used
to avoid making assumptions on how deep within the slab does the interface dipole have
an effect. However, the choice of average potential value over the middle unit cell leads
to uncertainties in the exact band offset for ZnO heterostructures with SMO and BMO

perovskites.

Surface dipole correction

Due to charge asymmetry in slab models, and due to periodic boundary conditions, an
artificial electric field can be formed through the vacuum region. This manifests in the
slope of the vacuum potential, and can lead to errors in band offset calculation as it
can affect the electrostatic potential alignment. The artificial electric field can affect the
electrostatic potential, giving a different average potential value in the bulk-like region to
the one that would be calculated if no artificial electric field was present. To determine
how surface dipoles affect the electrostatic potential, which is a crucial part of band offset
calculation, surface dipole correction was implemented for the case where the largest
surface dipole was found. If it is determined that it has no large contribution towards
potential lineup when electric field due to surface dipole has the largest magnitude, it is
reasonable to assume that for lower magnitude electric fields it has even less of an impact
on potential lineup, and can be effectively disregarded. Because the implementation of
the dipole correction can introduce difficulties in reaching self consistency and obtaining
the ground state energy of the system, it is beneficial if it does not need to be applied for
relatively precise band offset values. The largest surface dipole produced the largest slope
of the electrostatic potential of the vacuum slab. To counteract the effects of the induced
electric field, a correction can be applied where charge is placed within vacuum region to
negate the effects. If the surface dipole is formed in the z direction of the supercell, the
surface dipole correction is calculated as [95]

Viaip(2) = 4mm <i — 1) 0 <2< 2z, (5.3.2)

Zm 2

where z,, 1s the length of the supercell, and m is the surface dipole density

m:/ Pav(2)2'd2. (5.3.3)

It is crucial to implement dipole correction within the vacuum region so that supercell
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charge density is not affected other than by counteracting surface dipole effect. After
the surface dipole correction was applied, electrostatic potential was recalculated to asses
how significantly surface dipole affects the macroscopic potential from which the potential
lineup is calculated. In the vacuum region of SnO,/BMO heterostructure the largest mag-
nitude of surface dipole was found. When dipole correction was applied, the electrostatic
potential and its macroscopic average had nearly the same behavior. From Figure 5.20 it is
evident that surface dipole contributes very little to the overall electrostatic potential and
its macroscopic average. Both plane-averaged electrostatic potential and the macroscopic
average overlap regardless of applied dipole correction. This result proves that the dipole
correction is not necessary for accurate band offset results. Upon closer inspection of
Figure 5.20, it can be observed that there is nearly a complete overlap of macroscopic
averages when surface dipole is corrected and when it is not corrected within BMO slab.
Slight deviation is found through SnO, slab. This is again a result of different response
to the induced electric field of metal oxide and perovskite due to previously described
reasons. However, the deviation of macroscopic average with applied dipole correction
was found to be around 0.05 eV in the middle of SnO, slab, leading to the conclusion
that it does not significantly affect potential difference calculation. Given that the po-
tential difference over vacuum region is around seven to ten times larger for SnO,/BMO
heterostructure (slightly smaller for SnO,/SMO) than in any other studied heterostructure
(vacuum potential difference was around 3 eV compared to around 0.3 eV to 0.5 eV for
other heterostructures), the dipole correction is not necessary as it introduced only minor
errors in potential lineup calculations. An example for the case of low magnitude electric

field dipole correction can be found in the Appendix B.
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Figure 5.20: Plane average and macroscopic average of the electrostatic potential of
SnO,/BaMnOj; for dipole corrected and non-dipole corrected case. Below SnO; potential part of
SnO; slab potential is enhanced to display difference between macroscopic potentials for dipole
corrected and non-dipole corrected case. PAVG represents plane-averaged electrostatic potential
without dipole correction, PAVG DC represents plane-averaged electrostatic potential with dipole
correction, MAVG represents macroscopic average of the electrostatic potential without dipole cor-
rection, and MAVG DC represents macroscopic average of the electrostatic potential with dipole
correction applied.

5.3.4 Relative band alignment - band offsets

Band offset, as one of the most important properties of the two semiconductors in contact,
has critical impact on charge dynamics and transport. Favourable band offset of two
semiconductors provides a pathway that enables improved diffusion of charge carriers.
If charge carriers are collected efficiently at the interface, recombination rate is low, and
overall efficiency of the device is high. This crucially depends on several other factors, such
as defect density at the interfaces, charge carrier lifetime, and charge mobility. Efficient
charge carrier transport relies on favourable band offset which can diminish the effects of
charge recombination. For the interfaces studied in this thesis, conduction band alignment
between perovskite absorber and metal oxide ETL is the focus, as it improves the efficient
transport of photoexcited electrons into the conduction band of ETL. Nevertheless, the
valence band alignment is also of interest, as ETL needs to prevent hole transport towards
the TCO. To calculate both valence and conduction band offsets, band edges are aligned
with respect to the average potential of the bulk, as previously described. This alignment
is then transfered to the heterostructure electrostatic potential plot, where band edges are

aligned to the average of the electrostatic potential in the bulk-like region, giving relative
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alignment of the band edges of the two semiconductors in contact. Figure 5.21 displays
obtained band offsets for the nine studied heterostructures. Regarding the valence band
offset (VBO), all heterostructures show favourable alignment, as the valence bands in
perovskites are higher in energy than those in metal oxides. When electrons from the top
of the valence band are photoexcited into the conduction band, the empty states within
valence band of the perovskite have higher energy than of metal oxides. This prevents
the transport of valence electrons from metal oxide towards the ETL and blocks holes
from reaching TCO. Despite fairly large favourable VBO in all studied cases, in most
cases the conduction band offset is undesirable. This is because of the small band gap of
perovskites relative to metal oxides. Such CBO presents a potential barrier for injection of
electrons into ETL conduction band. Additionally, this reduces device efficiency because
it promotes charge recombination. For SnO, heterostructures with SMO and BMO a
favourable band offset is obtained, as well as for TiO, heterostructures with SMO and
BMO. Large difference in band gap between ZnO (3.47 eV) and strained CMO (0.78 eV),
together with relatively large potential difference, led to unfavourable conduction band

alignment at ZnO/CMO interface.
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Figure 5.21: Valence and conduction band offsets for nine studied heterostructures. Darker
red bars signify metal oxide conduction bands, darker blue signifies metal oxide valence bands,
light red signifies perovskite conduction bands, and light blue signifies perovskite valence bands.
Numbers next to valence bands signify valence band offsets, and numbers next to conduction bands
signify conduction band offsets. Positive value indicates that band edge of perovskite is above band
edge of metal oxide, while negative value indicates that metal oxide band edge is above perovskite
band edge.
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To deduce how relevant quantities that determine band offsets affect the values of band
offsets, VBM and CBM positions, £, and L., positions of electrostatic bulk potentials
and potential differences are plotted in Figure 5.22. For SnO,/CMO heterostructure the
smallest potential difference was calculated, favouring desirable band alignment. However,
the position of the VBM was lowered as a result of the large expansion of the out-of-plane
lattice parameter. This resulted in a small difference between VBM and average potential,
and led to unfavourable type I band offset, where VBM position of the perovskite is higher,
but CBM position of CMO is below SnO, CBM. However, compared to conduction band
offset (CBO) at ZnO/CMO interface, for SnO,/CMO the CBO is much lower, calculated at
-0.23 eV. In TiO,/CMO, the potential difference is again significantly larger, comparable
to that of ZnO/CMO (Figure 5.22 d)). Although among strained CMO models the largest
difference between VBM and average potential is found for TiO, based heterostructure,
this is insufficient to raise the CBM of CMO above TiO, CBM. This leads to type I band
offset with larger CBO, similar to ZnO/CMO interface. It is obvious that to overcome
the large difference in band gaps between metal oxides and perovksites, the VBM and
average potential difference needs to be significantly higher for perovskites then it is for
metal oxides. From Figure 5.22 it can be easily seen that metal oxides have, in general,
higher average bulk potential compared to perovskites, while at the same time having
lower VBM than of perovskites. While this does contribute towards obtaining favourable
band alignment, in several cases it is insufficient and cannot raise CBM of perovskites
above metal oxides CBM due to large potential difference of around 2 eV at the interface.
This is the case in ZnO/SMO and ZnO/BMO heterostructures. For ZnO, the difference
between VBM and average potential is around 1.75 eV. Compared with SMO and BMO,
where this difference is around 5.94 €V for SMO and 6.26 eV for BMO, it is significantly
lower. However, because of the largest potential differences out of all studied perovskites
found in these heterostructures, calculated at -2.43 eV for ZnO/SMO and -3.17 €V for
ZnO/BMO, the CBO is large, and hinders the injection of photoexcited electrons into ZnO
conduction band. However, because of the large slope of the macroscopic potential across
Zn0 slab, the potential difference is not calculated as accurately as in other studied cases.
Even when the error due to the slope of the macroscopic potential is taken into account,
the type of conduction band offset remains the same in both cases, with only difference
being the value of CBO and VBO. Therefore, the conclusion is that mainly due to the
large potential difference at ZnO/SMO and ZnO/BMO heterostructures, the valence band
offset is favourable for hole blocking. Conduction band offset is unfavourable, and would
hinder the injection of electrons into ZnO conduction band. In SnO, heterostructures
with SMO and BMO, lower potential difference is found relative to most other studied
heterostructures, calculated at -1.18 eV for SnO,/SMO, and -1.54 eV for SnO,/BMO.

70



5.3 Electronic properties

Furthermore, as larger difference between VBM and average bulk potential is found for
SMO compared to CMO, and even larger for BMO, the resulting band offset type is type
IT (staggered). The staggered band offset of SnO,/BMO heterostructure is highlighted in
Figure 5.21 and shows how positive CBO aids in electron transport over the interface. TiO,
heterostructures with SMO and BMO also showed favourable type II band offset. This
is because the potential difference was not as high as in ZnO-based heterostructures due
to much smaller charge transfer from metal oxide into perovskite interface layer. Errors
introduced from surface dipole in SnO,/SMO and SnO,/BMO heterostructures, along with
slope of the electrostatic potential across SnO, slab, lead to uncertainty in the predicted
band alignment. Because interface trap states were also detected in these heterostructures,

it can be concluded that they form an unfavourable case for charge dynamics.
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Figure 5.22: a) Valence band maxima of perovskites ( E}éffg ) and of metal oxides ( E]‘\//[%M ), b)

conduction band minima of perovskites ( E)C;ﬁ% ) and of metal oxides ( EJ\C/}%M ), ¢) K, and E.,
d) position of the average bulk potential of strained perovskites (Vx y0), position of the average
bulk potential of metal oxides (Varo), and potential differences of the bulk-like regions (AV) for
each heterostructure. Heterostructures are denoted in the following order: HSI - ZnO/CaMnOs3,
HS2- SnO,/CaMnQO3, HS3 - TiO,/CaMnQO3;, HS4 - ZnO/SrMnQO3, HSS - SnO,/SrMnO;, HS6 -
TiO»/SrMnO3, HS7 - ZnO/BaMnQO3, HSS - SnO»/BaMnO3, HS9 - TiO2/BaMnOj3
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Having negative CBO is undesirable, and interfaces with type I band offset generally do
not have as efficient charge transfer over the interface compared to type Il offset systems.
However, when CBO is relatively low, still a substantial number of electrons that fill
higher energy conduction band states could be transferred into ETL conduction band with
sufficiently high charge carrier lifetime. This additionally depends on the interface trap
density. If the excited electrons within higher conduction band energies are quickly and
efficiently collected and transported into ETL conduction band, in the time frame smaller
than the carrier lifetime, most of them do not undergo recombination. Furthermore, a
small potential barrier was previously found to even be favourable, where PCE of PSC
device was increased if small potential barrier was present. For up to 0.3 eV potential
barrier between conduction band edge of perovskite and of metal oxide ETL the efficiency

was increased [96, 97].

Band offset from local density of states

To further study how band edges of the bulk-like regions align, and to verify results of
band offsets obtained with electrostatic potential, band offsets were additionally calculated
using local density of states (LDOS) approach. Contributions to the total density of states
from the ions belonging to an atomic layer are summed, hence providing an atomic layer
resolved density of states. The LDOS plots are shown in Figure 5.23. For the studied cases
where the slope of the electrostatic potential was observed, from LDOS steady positions
of both VBM and CBM are predicted. However, slightly more noticeable are shifts of
VBM in those cases, while the very edge has a constant position. Although in Figure 5.23
DOS edge can be observed at the energy where the line for VBM position was drawn,
it is easily noticeable that VBM generally shifts upward in ZnO/SMO and ZnO/BMO,
and downward in SnO,/SMO, SnO,/BMO and SnO,/CMO. 1t is therefore predicted that
valence bands bend more than conduction bands. This is valid for all studied cases where
electric dipole was formed at the interface. However, it appears as the tails of conduction
band edge which are visible in ZnO/SMO and ZnO/BMO heterostructures across ZnO
bulk-like region are a result of the contribution from the surface states which has not
fully vanished. Therefore, the conduction band edge is likely poluted by the residual
contribution from the surface states, and it might not be a true conduction band edge.
Based on LDOS, this led to lowering of potential barrier between conduction band edges
at ZnO/SMO and ZnO/BMO heterostructures, calculated at 0.13 eV in ZnO/SMO and 0.15
eV at ZnO/BMO. True conduction band offset is likely much closer to the one calculated
using average potential approach. To compare band offsets obtained using two different
methods, Table 5.5 presents conduction and valence band offsets calculated from LDOS.

With both methods the same types of band offsets are predicted. The values of calculated
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band offsets differ in some cases. This can be the result of several factors. One of the
reasons is LDOS predicted lower CBM position, which as previously stated appears to
be a result of non-vanished surface states contribution. This effect cannot be predicted
with electrostatic potential approach, as in that approach CBO is calculate from bulk band
gaps. Additionally, from LDOS method it is typically more difficult to calculate exact
band edge positions, mainly due to the use of smearing (electronic temperature), which
has to be used for the projection of density of states on atomic orbitals. By lowering
the smearing value a more precise band edge positions can be calculated, but it leads
to a highly oscillating DOS function. Band offsets can also differ due to used value of
average potential across metal oxide slab in the electrostatic potential approach. However,
generally a good agreement is found for band offsets calculated with two methods. What
can additionally be observed is that in ZnO/SMO and ZnO/BMO heterostructures mid-gap
dispersive states emerge at ZnO surface, as was previously confirmed from probability
density calculations. LDOS also confirms existence of interface states in all cases where
they were predicted using probability density calculations. Same follows for observed
surfaces states. All studied heterostructure have a visible interface gap, meaning that the

formation of localized interface states did not lead to a metallic interface.
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Figure 5.23: Local density of states plots for nine studied heterostructures. Metal oxide valence
bands are colored darker blue, metal oxide conduction bands are colored darker red, perovskite
valence bands are colored lighter blue, and perovskite conduction bands are colored lighter red.
Dark grey lines display how band edges of the bulk-like regions align.

Table 5.5: Conduction band offsets and valence band offsets calculated from local density of states
plots for nine studied heterostructures. Negative value indicates that perovskite band edge is below
metal oxide band edge.

ZnO/ SnO,/ TiOy/ ZnO/ SnO,/ TiO,/ ZnO/ SnO,/ TiO,/
CaMnO; CaMnO; CaMnO; SrMnO3 SrMnO; SrMnQO; BaMnO; BaMnO; BaMnO;

CBO (eV) -1.28 -0.62 -1.33 -0.13 0.10 -0.19 -0.15 0.09 0.43
VBO (eV) 1.42 2.68 0.94 1.46 2.26 1.57 1.46 2.18 2.19
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Conclusion

The research conducted within this thesis included theoretical ground-state investigation
of the structural and electronic properties of CaMnO3;, StMnO3; and BaMnOj; perovskites
which are of interest for their application in perovskite-based solar cells. The study showed
optimal band gaps of investigated perovskites, ranging from 0.92 eV to 1.44 eV, in the
range appropriate for optical absorption and high efficiency solar cell devices. The study
of their optical properties showed high absorption throughout the visible range, and good
optical matching with metal oxides commonly used as electron transport layers. These
results point toward efficient light absorption within perovskites. Further experiments are
required to complement these results with insights unavailable from ab initio theory. Main
part of the research included investigation of interface properties of manganese perovskites
with commonly used metal oxide electron transport layers, ZnO, SnO, and TiO,. Metal
oxide electron transport layers showed large band gaps, above 3 eV, and high curvature of
conduction bands, with effective mass between 0.18my and 0.68m,, in a good agreement
with previous experimental and theoretical studies. By using density functional theory
relevant properties for charge dynamics across the interfaces were investigated, with main
focus on the band offsets. To form stable interfaces, surface orientations of nine studied
heterostructures were chosen based on the lowest achievable lattice mismatch. This should
ensure higher stability, and low density of defects which can form under applied strain.
To comply with low lattice mismatch condition, and because pseudomorphic growth of
perovskites on metal oxides was assumed, perovskites were strained. Because of this,
strained perovskite models were studied to deduce how strain impacts valence band edge
positions, and their difference with average potential. Additionally, strain effects on ef-
fective mass was investigated. They showed small changes of band edge curvature for
CaMnOj; under smaller strain, while StMnO3; and BaMnOj; showed significant conduction
band flattening even for small imposed strain. This indicates increased electron effec-
tive mass in SrMnOj; and BaMnO;. To accurately represent the surface interactions at
heterovalent interfaces, all supercell models were relaxed using robust theoretical algo-
rithms. Atomic displacements were mainly restricted to several atomic layers closest to

the interface. The study of charge dynamics properties was enabled by a sufficiently
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large heterostructure models, which demonstrated bulk-like behaviour far away from the
interface. Charge density difference isosurfaces revealed charge transfer between oxygen
anions and metal oxide cations at the interface, with additional charge accumulation along
the oxygen-metal oxide bond, indicating the formation of interface bonds of mixed ionic
and covalent character. Formed bonds indicate the stability of the studied interfaces. In
most heterostructures charge transfer was predicted from metal oxide surface to the per-
ovskite surface. Only SnO,/SrMnO; and SnO,/BaMnQOj; heterostructures showed charge
transfer from perovskite surface to metal oxide surface, due to significant charge transfer
from manganese to oxygen across the interface. This led to sufficiently low potential
difference. This, in turn, resulted in the formation of type II band offset. However, despite
the predicted type II band offset, uncertainties were introduced due to the surface dipole,
and due to the slope of the electrostatic potential caused by interface dipole. In most
cases, type I band offset was obtained, where valence band offset is favourable, and leads
to hole blocking at perovskite/metal oxide interface. It also leads to electron blocking,
as potential barrier is formed due to unfavourable conduction band offset. In general, in
studied cases where type I offset occurred it is mainly caused by a larger charge transfer
from metal oxide to perovskite, which leads to the increase of potential difference. In TiO,
heterostructures with StMnOj3; and BaMnOj type II band offset was obtained, which was
attributed to much smaller charge transfer from metal oxide surface to perovskite surface,
which led to smaller potential difference compared to ZnO-based heterostructures. This
was sufficient to enable the formation of favourable type Il band offset. In several interfaces
electric dipoles were formed, resulting in the slope of the electrostatic potential across
metal oxide slabs. The slope of the electrostatic potential led to uncertainties in potential
difference calculation, most significantly at ZnO/SrMnO; and ZnO/BaMnOj; interfaces,
but also at SnO, heterostructures with StMnO; and BaMnOj;. The error due to slope of
the macroscopic potential does not change the type of band offset in ZnO heterostructures,
but could lead to a change of band offset type in SnO, heterostructures. Additionally,
band structures of SnO, heterostructures with SrMnO; showed the formation of several
mid-gap states which typically act as recombination centers for electrons. Interface states
were also found at SnO,/BaMnOj3, but they were formed as shallow electron and hole trap
states. Due to small calculated conduction band offset, detected electron trap states can
negatively affect device efficiency. It was shown that although shallow, electron trap state
forms below conduction band edge of SnO,, which is unfavourable for optimal device
operation. Additionally, low lattice mismatch between StMnOj3; and BaMnO; indicates
the possibility to grow these heterostructures epitaxially without possible dislocation de-
fects. To further acknowledge these materials as good candidates for perovskite solar

cell applications requires additional studies based on the macroscopic models, as well as
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experimental measurements of relevant quantities, such as defect density, charge carrier
lifetime, etc.

There are several possible routes which can be taken to gain more insights on these
materials and their applications in perovskite solar cells. Different surface orientations can
be considered in several cases. However, there are not many options for this, as considering
other orientations would in general increase lattice mismatch. Other approach can be the
investigation of different surface terminations, but again, there are very limited additional
options that would be able to create stable interfaces. A possibly good direction could be
to investigate A—site cation mixing. Combination of strontium and barium could lead to
favourable properties, due to change in lattice constants which could lead to even lower
lattice mismatch with neighboring electron transport layer. It could also indirectly impact
energy band edge positions through the change in MnOg bond length and bond angle. This
could lead to more favourable electron effective mass, as it was seen that both SrMnO;
and BaMnOs suffer from large electron effective mass increase even for small imposed
strain. Non-stoichiometric perovskite approach is also available, which would alter the
interaction at the interfaces. This approach could be highly successful in ZnO/SrMnO;
and ZnO/BaMnOj; heterostructures. For instance, it could be applied to balance the charge
density of polar interface, and reduce the slope of the electrostatic potential. It could
possibly lead to a reduced potential difference between ZnO and StMnO; and BaMnO3,
which could result in favourable conduction band offset.

To overcome the unfavourable conduction band offset, several things can be imple-
mented to improve it. Strain engineering can be effectively used to shift VBM and CBM
position, and increase the band gap of the perovskites. To be able to determine how
different types and magnitudes of strain would affect the properties of the perovskites
studied within this thesis, a comprehensive and systematic investigation of strain effects
is required. Additional possibility is to include cation mixing as an alternative approach.
The mixing of cations impacts lattice constants, band gaps, and VBM and CBM position.
This can then be very effectively used to tune lattice parameters to further lower the mis-
match, making more stable and easier to grow heterostructures, tune band gap for optimal
optical absorption, and tune the positions of VBM and CBM. This could even be imple-
mented for SMO and BMO, as SMO typically undergoes tensile strain to accommodate
for lattice mismatch with studied metal oxides, and BMO is compressed. By possibly
combining strontium and barium cations in various fractions in the Ba,Sr; ,MnOj; form,
the band gap should remain in the desirable range, as the exchange of cations has very
little effect on band gap, but would lead to change in lattice constants, which could work
in favour of lower lattice mismatch with studied metal oxide ETL’s. Additionally, this

would somewhat alter the position of VBM and CBM, which could also work in favour
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of obtaining desirable conduction band offset. Furthermore, as this study did not include
investigation of different surface orientations and terminations, this approach could also
be implemented to try to find the optimal match that could lead to beneficial properties
for PSC applications. Finally, there are two additional approaches that could be taken:
the study of non-stoichiometric perovskites, to find optimal interface structure that would
benefit favourable band alignment, and using additional interface buffer layers which could
be used to alter the band alignment for optimal device operation, but would lead to more
complex device architecture. While ground-state DFT simulations offer valuable insights
into charge dynamics at heterostructure interfaces, they provide an incomplete perspective.
A comprehensive evaluation of XMnQOj; perovskites for photovoltaic applications requires
further investigation into critical factors such as carrier lifetimes and exciton binding

energies.
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Appendix A

Computational details and convergence tests

To conduct density functional theory calculations, QuantumEspresso open-source
code was used [98]. This approach uses pseudopotentials as described in the second
chapter. The pseudopotentials used for all studied compounds were norm-conserving. The
used pseudopotentials were taken from the QuantumEspresso website and were obtained
through a procedure as described by D.R. Hamann [99]. The pseudopotentials had the

valence electron configuration shown in Table 5.6.

Table 5.6: Valence electron configuration within used pseudopotentials for all used chemical
elements.

Chemical element ~ Valence electron configuration

O 2s22p*

Ca 3523pt4s?
Sr 4s%4p°5s?
Ba 55%5p%6s?
Ti 3523p%4s23d>
Sn 55%4d'95p?
Mn 3s23p®4s23d°
Zn 35%3p®4s23d!?

To ensure high accuracy of the results, while maintaining reasonable computational cost,
the convergence tests for several quantities were performed. For the expansion of wave
function in the plane-wave basis set, an energy cutoff is typically set, which means that only
plane-waves which have kinetic energy below the set threshold are considered. To obtain

energy cutoff threshold, E., parameter value was increased in increments from 10 Ry to
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100 Ry for bulk materials, and from 60 Ry to 120 Ry for heterostructure supercell models.
The total energy convergence threshold for supercells is usually set at 1 mRy/atom. Further,
in DFT integration over the Brillouine zone is usually approximated by the summation
over discrete k-point grid. Converged energy cutoffs and k-point grids for bulk systems are
shown in Table 5.7 For heterostructures, unit cell dimension in the direction of the growth
of the heterostructure is much larger than the cell parameters perpendicular to the interface.
Therefore, its corresponding reciprocal space dimension is very small. Because of this,
typically only calculation in the middle of reciprocal cell is required. This means that for
the k-point mesh, in the direction of the growth of the heterostructure only one k-point
was used. For optical properties of the perovskites, a denser k-point grid of 18x18x 18
was used. To ensure that the outer surfaces of the supercell model interacting does not
significantly impact total energy of the system, convergence test was also conducted for
the vacuum thickness. Thus, for each supercell model, vacuum thickness was initially
set at 10A and increased up to 45A to find the converged vacuum thickness. Converged

energy cutoffs, k-point grids, and vacuum thicknesses are shown in Table 5.8.

Table 5.7: Converged kinetic energy cutoff values and k-point meshes for all studied bulk systems.

Eci (Ry) k-point grid

ZnO 80 8x8x8
SnO, 90 6x6x6
TiO, 110 8x8x8
CaMnO; 110 4x4x4
SrMnO; 100 4x4x4
BaMnO; 150 4x4x4
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Table 5.8: Converged kinetic energy cutoff value, converged k-point mesh and converged vacuum
thickness for each of the studied heterostructures.

Heterostructure Ecut (Ry) k-point grid Vacuum thickness (A)

Zn0O/CaMnO; 110 6x1x6 20
Sn0,/CaMnO; 110 4x4x1 20
TiO,/CaMnO; 110 4x4x1 20
Zn0O/SrMnO; 110 8x8x1 20
SnO,/SrMnO; 110 4x4x1 35
TiO,/StMnO; 110 4x1x4 20
ZnO/BaMnQO;3 110 8x8x1 20
SnO,/BaMnOj3 110 4x4x1 40
TiO,/BaMnOj3 110 4x1x4 20

The linear response approach which was used to find Hubbard U values for perovskites
requires convergence test for the g-point grid with respect to Hubbard U value. The con-
verged g-point grids are specified in Table 5.9 For linear response calculations previously
converged energy cutoff was used, as well as converged k-point grid. To find Hubbard U
values, several iterations of calculations were performed, which include initializing the
Hubbard U procedure by initially setting U parameter value to 10* eV and performing
SCF calculation. Then, the hp.x code performs linear response calculation by displacing
atoms on which Hubbard U correction was initially set, and calculating the response to
these perturbations. From this a new Hubbard U value was obtained, which was used to
relax atomic coordinates and unit cell. Afterwards, the whole procedure is repeated with
new Hubbard U parameter. When linear response calculation gives out Hubbard U value
which agrees to within 0.1 eV with U value set in previous iteration, the convergence
of Hubbard U parameter is achieved. This U value is then further used for all other
calculations. The converged Hubbard U values are shown in Table 5.9. For metal oxides,
linear response approach has issues with numerical instability when metal oxides contain
fully occupied d orbitals on which the correction is meant to be applied to [44]. As both
Zn and Sn contain fully occupied d orbitals, the linear response approach could not be
implemented for ZnO and SnO,. For TiO,, linear response approach was tested, which
resulted in underestimated band gap of 2.60 eV when the correction was applied only on

titanium 3d states, and overestimated at 3.90 eV when it was applied to both titanium 3d
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and oxygen 2p states. Very similar results were obtained for TiO; in a previous study by
Kirchner-Hall et al. [100]. Due to the large discrepancy in the band gap obtained using
linear response obtained U value compared to experimentally obtained band gap, semi-
empirical approach was implemented for TiO, as well. For all metal oxides, therefore, the
used Hubbard U parameter value was the one which gave band gap value very close to

experimentally measured value. Hubbard U values are shown in Table 5.9.

Table 5.9: Hubbard U values, orbitals upon which the corrections were used, q-point grid used
in linear reponse approach, and method which was used to obtain Hubbard U value. SE signifies
semi-empirical approach, and LR signifies linear response approach.

Zn0O SnO, TiO, CaMnO3 SrMnOs; BaMnOs

Hubbard U 9.00, 6.50 6.80 45,30 591 5.75 5.82
Manifold  Zn-3d,O-2p O-2p Ti-3d Mn-3d Mn-3d Mn-3d
g-point grid - - - 4x4x4  4x4x4  2x2x2

Method SE SE SE LR LR LR
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Appendix B

Dipole correction for small surface dipole

To show the effects of small surface dipole, electrostatic potentials were plotted for
ZnO/CMO heterostructure, and are shown in Figure 5.24. Very slight slope of the vacuum
potential is found in this case. General overlap of both plane-averaged and macroscopic
average of the electrostatic potential confirms very little contribution of surface dipole to
the behavior of the electrostatic potential and its lineup. Correction of the surface dipole is
confirmed by the vacuum potential, showing two separate constant value regions. While
it can be expected that the response of ZnO charge density to the dipole correction would
be more severe in ZnO/SMO and ZnO/BMO heterostructures, due to small surface dipole
magnitude in those heterostructures it can be assumed that the contribution of the dipole
correction would be insignificant. However, for the two cases where the largest surface
dipole was found, SnO,/SMO and SnO,/BMO, given the largest error introduced due to
surface dipole, one has to keep in mind that it can affect the band alignment if the band
edge offsets are sufficiently small and fall in the range of introduced error from surface
dipole, while for small surface dipole there is no observable difference in potential lineup

with and without dipole correction.
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Figure 5.24: Plane average and macroscopic average of the electrostatic potential of ZnO/CaMnQO3
for dipole corrected and non-dipole corrected case. Plot shows nearly complete overlap of po-
tentials for dipole corrected and non-dipole corrected case. PAVG represents plane-averaged
electrostatic potential without dipole correction, PAVG DC represents plane-averaged electro-
static potential with dipole correction, MAVG represents macroscopic average of the electrostatic
potential without dipole correction, and MAVG DC represents macroscopic average of the electro-
static potential with dipole correction applied.
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