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Abstract

Reliable energy from renewable sources via oxidation of water requires an efficient electrocatalyst.
The high cost, low abundance, and poor stability of the current noble metal based electrocatalyst
are a primary obstacle to their commercial use. Perovskite-structured transition metal oxides have
demonstrated enormous potential as catalysts in oxygen evolution reaction (OER) and oxygen
reduction reaction (ORR). Particularly, LaFeOs and LaNiOs have shown great potential as
catalysts in the oxygen evolution reaction (OER). However, their catalytic performance needs to
be improved significantly for commercial applications to compete with precious metal catalysts.
One primary method of optimizing electrocatalytic property is by tuning their electronic properties.
In this work I show different ways to perturb the electronic structure of LaFeO3 and LaNiO3 and

how that will lead to improvement in their catalytic performance.

Thickness is one important parameter to tweak the electronic properties in thin films. Changing
film thickness in LaFeOs thin films grown on n-type Nb-doped SrTiOs changes its bulk intrinsic
behavior from n-type in thinner films (1-2 nm) to an intrinsic semiconductor in relatively thicker
films, leading to a volcano-like trend in OER performance with thin film thickness. Cation
substitution is another key parameter to tune the electronic properties. Sr substitution in LaFeO3
thin films leads to the creation of delocalized oxygen holes, facilitating electron transfer between
the catalyst and electrolyte solution. As a result, a sharp increase in OER performance was
observed with Sr substitution compared to LaFeOs thin films. Similarly, creating a LaNiO3/LaFeO3
heterostructure shows a dramatic increase in OER performance of the LaFeOs3 due to the interfacial
charge transfer and tuning of the band alignment to produce p-type LaFeOs. Our findings in this
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work show that perovskite TMOs are promising materials for OER catalysis when perturbed out
of their equilibrium electronic structure. They have tremendous potential to be a good substitute

to the noble-metal catalyst for oxygen evolution reaction (OER) in energy storage devices.
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Chapter 1

Introduction

Global energy demand is steadily rising, and this trend is expected to accelerate in the future [1].
Majority of current energy supply is derived from fossil fuels. Our fossil fuel reserve is limited,
and they are polluting our environment [2]. A clean and sustainable energy supply is essential for
addressing this issue. Significant progress has been made in this direction, such as solar or wind
energy, but efficient energy conversion and storage technology is required for dependable energy
supply. Electrochemical water splitting is one of the most promising technologies that can convert
electrical energy into chemical energy and vice versa [3]. Oxygen evolution reaction (OER) and
its reverse chemical reaction (oxygen reduction reaction (ORR)) are the key chemical reactions in
the electrochemical energy conversion process. However, the slow reaction kinetics and low
energy efficiency are the major obstacles in its practical application [4,5]. Use of electrocatalysts
such as Ir and Pt has been helpful in improving the rate of reaction and lowering the overpotentials,
but the lack of efficient, stable and economic electrocatalyst has posed a significant barrier to their

widespread use.

Transition metal oxides have emerged as new class of electrocatalyst material [6-9]. The
conventional electrocatalysts, Irand Pt have low overpotential and are a good catalyst, but they are
very expensive, and are rare. On the other hand, TMOs are highly abundant and low-cost materials.
Transition metal oxides such as LaNiOs, LaCoO3, and LaFeO3 exhibit good catalytic performance

in their intrinsic form [8,10]. Further, their catalytic properties can be optimized by appropriate
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tuning of their electronic structure [11-13]. Their catalytic performance has been significantly
improved by tuning thickness, strain, doping, or by creating heterostructures, and they have been
found to outperform even Pt in a strained LNO thin film [11-13]. Therefore, TMOs have

enormous potential as an alternative to conventional electrocatalysts.

1.1 Perovskite Structured Transition Metal oxides

Transition metal oxides (TMOs) have long been at the forefront of material science research due
to their vast spectrum of electrical, optical, and magnetic properties, making them ideal for a wide
range of applications. Electronic properties in transition metal oxides are dictated by partially filled
d-orbital electrons. In 3d-transition metals (TM), the hybridization between O 2p and TM 3d
orbitals changes the bonding environment thereby affecting the ability of electrons to move in a
lattice [12]. TMOs have narrow 3d bands compared to other metals which produces strong
coulomb interactions known as strong correlation [14]. Partially filled d-orbitals provide
additional spin and orbital degrees of freedom, and TMs can have various valences and exist in
mixed valence states. All these complexities make TMOs unique and interesting for various device
application. High-temperature superconductivity [15—19], metal-insulator phase transitions [20—
22], colossal magnetoresistance [23—25], ferroelectric and multiferroic properties [26—30] are just

a few emergent properties that makes them ideal for their device application.

Lately, perovskite structured TMOs have received growing attention for their catalytic
applications. TMOs have several characteristics such as multiple valences, abundance of active
sites, and tunable electronic structure to make them the ideal candidate for a
electrocatalyst [31,32]. Among the family of perovskite TMOs LaFeO3; and LaNiOs are some of

the preferred materials for OER catalysts. Lower overpotential, eg occupancy, hybridization



between TM 3d and O 2p orbitals, position of d-band center and O 2p band center, make LFO and
LNO superior candidate for the OER catalyst. [8,11,33—-35]. Perovskites have the general
structural formula ABX3. A and B-sites are occupied by metal cations and X-sites generally
oxygen, but the structure is stable with other anions as well. A-site is 12-fold coordinated with
oxygen and B-site is 6-fold coordinated with oxygen atoms. The cubic perovskite structure is

shown in Figure 1.1.

Figure 1.1: Cubic perovskite structure [36]. Where A site is occupied by larger cation which is 12-
fold coordinated with oxygen (in oxides) and B-site cations are octahedrally coordinated with
oxygen. In an ideal cubic perovskite, there is no octahedral tilting but the change in size of A and

B-site cation can cause octahedra to tilt certain direction leading to a lower symmetry structure.

Most of the TM have one or more stable perovskite structures. Rare earth ions such as La may

occupy the A-site with Fe or Ni in B-site in the perovskite structure. The structure and stability of



perovskites can be explained in terms of two parameters Goldschmidt’s Tolerance Factor (TF)

and Octahedral Factor, yu = L

TF _ (RA +RX) ]
Rx

~ V2(Rp+Rx)

Where Ra, Reand Rx are the ionic radii of A, B and X-site ions. Perovskites are stable for tolerance
factor is roughly in the range 0.81 < TF < 1.10 and octahedral factor should be in the range 0.414
< n<0.732 [37]. The ideal cubic perovskite has a tolerance factor close to 1. As the tolerance
factor moves away from 1, the cubic structure is distorted, and the perovskite adopts tetragonal,
orthorhombic or other lower symmetry structures. Considering tolerance factor and octahedral
factor, perovskite TMOs can accommodate almost entire row of the periodic table in A or B-site.
Also, perovskites can accommodate defects and multiple A-site or B-site cations [7,38]. This
allows greater flexibility in material development with enhanced efficiency [39]. Therefore, the
stability and tunability of perovskite TMOs makes them ideal for many types of energy

applications.

In order to optimize these materials for practical applications, it is critical to understand the
electronic properties of the bulk, thin films and heterostructures. Modern deposition techniques
have made it easier to synthesize these materials as well as new materials with precise control of
thickness, stoichiometry and doping into A or B-sites. Progress made in first-principles
calculations within the framework of density functional theory (DFT) have significantly lowered
the time and cost of modelling the properties materials at the fundamental level [40,41].
Development of exchange-correlation term, Hubbard correction, and well-developed plane-wave
pseudopotential method has given DFT a very powerful predictive power of the material properties

with higher accuracy [42—45]. Combination of experimental techniques and DFT is highly



effective in understanding the material properties and tailoring these materials for optimal device

performance [43,46].

1.2 Thin Films and Their Heterostructures

A thin film is a material layer with a thickness ranging from few angstroms to several micrometers.
Depending on the purpose and growth technique it can be amorphous, polycrystalline or single
crystal. In this work thin film refers to epitaxial single crystal thin films. Thin films in general are
interesting because of new phases emerge as a result of reduced dimensionality accompanied by
spin or charge-ordering phenomena [47]. Transition metal oxide thin films are well known for
various new phases and new properties that are not present in their bulk [48—50]. The unsaturated
dangling bonds at the surface might result into the surface states that are not present in the bulk.
The size effect may be dominant in deciding the mobility of electrons as various scattering
mechanisms comes into play in thin films, which affects electronic and physical properties.
Compared to bulk, thin films are generally free of defects and can be doped independent of the
substrate. Therefore, Thin films have always been a preferred platform for researchers because of

emergence of novel properties and tunability of thin film properties.

Perovskite ferrite thin films are good catalysts partly because of partially filled d-orbital and their
ability to exist in mixed valence state. The mixed valence is usually caused by non-stoichiometry,
which can be controlled either by doping or the oxygen pressure. Thin film thicknesses another
crucial parameter that can be exploited to tune the properties of TMOs. May et al. have reported
the thickness dependance of LaFeOs in photocatalysis [35]. In our recent work we’ve been able to
establish the correlation between film thickness and OER catalytic activity in LaFeOs thin

films [51]. Certain properties of the TMO thin films depend on orientation of the atomic planes.



MnFe204 thin films oriented along (100) is more active than the film oriented along (111) direction
under ORR catalysis [52]. Therefore, thin film structures are important, as these unique properties

exist in the thin films which may not be present in their bulk counterpart.

Lattice Matched Strained Relaxed

Figure 1.2: Schematic of lattice matched, fully strained and relaxed thin film heterostructures. In
a lattice matched growth substrate and thin film are the same material. In the case of different
material depending on the degree of lattice mismatch thin film is either strained or relaxed. For
smaller strain, thin film is strained elastically to match the interatomic spacing in substrate
producing coherent interface. Whereas for larger strain, thin film can’t sustain the strain and

eventually relax introducing misfit dislocations as shown in the rightmost figure.

Heterostructures are epitaxially grown thin film layers of two different materials. Lattice misfit
between two different crystalline materials is the defining parameter in a heterostructure. Lattice
misfit is defined as, f =(as-ar)/ar. Where as and ar are the lattice parameter of the substrate and film.
Epitaxial films with lattice misfit of less than 9% are coherently strained [53]. Schematic of
different types of heterostructures is shown in Figure 1.2. All the heterostructure in this work are

coherently strained multilayer structure.



From downscaling the size to designing a new material with novel functional properties, epitaxial
heterostructures are at the core of modern-day electronics and many other technologies. In the
word of Nobel laureate Herbert Kroemer “The interface is the device” [54]. In strongly correlated
systems like TMOs and their heterostructures the interplay between charge, spin, orbital and
structural degrees of freedom often results in complex novel properties [20,55-59]. The possibility
of symmetry breaking which is the origin of different emergent properties makes heterostructure
even more interesting. For example, breaking of inversion symmetry might result in ferroelectric
properties, while broken time-reversal symmetry is associated with new magnetic phases [60].
Depending on the nature of the materials used in the heterostructure wide range of modifications
to the intrinsic properties can be realized. Withs modern deposition techniques such as molecular
beam epitaxy (MBE) and pulsed laser deposition (PLD), we can grow heterostructures with the
sharp interface. However, cation intermixing over several unit cells at the interface is possible and
must be accounted for in interpreting material properties. Cation intermixing affects the carrier

density and introduces structural distortion [61].

One approach to engineering novel functionalities is through interfacial engineering of polarity or
charge transfer. A polar discontinuity at the interface leads to high mobility 2DEGs [62—67]. The
most notable example is discovery of 2DEGs at the interface of band insulators LaAlO3 and
SrTiOs [57]. After a 2DEG was discovered in polar/non-polar LAO/STO interface heterostructures
and multilayer structures drew significant attention from the scientific community. Efforts to
control and tune the 2DEGs have produced some impactful results, such as superconductive

2DEGs [65]. The interaction between metal cations across the interface leads to the double-



exchange interaction. Ferromagnetic phase has been observed at the LaNiO3/CaMnOs interface.
Double exchange interaction between Mn*"-Mn>" and super exchange interaction in Ni**-O-Mn**
bonds which gives rise to a ferromagnetic phase at the paramagnetic/antiferromagnetic
interface [59]. Rotations of the BO¢ octahedra due to oxygen octahedral coupling at the interface
can be used to control magnetic properties, for example Lao.67Sr0.33Mn0O3/NdNiOs interface [68].
Band bending and charge transfer across the interface is another intriguing phenomenon in
heterostructures. One of the earlier discoveries of charge transfer is CaMnO3/CaRuOs interface.
Ferromagnetic phases have been discovered at the interface as a result of charge transfer across
the interface [69]. Therefore, heterostructures serve as the primary platform for scientists to invent

materials with novel properties.

1.3 Effect of Cation Substitution and Epitaxial Strain

Cation substitution (doping) is a very effective way of tuning the intrinsic properties in bulk
materials, thin films and heterostructures. In TMOs the dopant will occupy A-site or B-site
depending on the nature of the impurity ion. One direct consequence of the doping is increased
carrier concentration. Wide band gap insulator SrTiOs3 (Eg =3.2eV) can be made conductive by
doping Nb [70] or La [71] in the A-site. Partial substitution of A-site and B-site can change the
valence state via electron transfer or create holes which then affects material properties by tuning
orbital overlap between metal d-orbital and oxygen 2p-orbital, covalency of the metal-oxygen
bond, or filling of eg orbital in metal cations. OER activity in perovskite TMOs is influenced by
the number of d electrons [72], e filling [8], the covalency of metal-oxygen bond, hybridization
between metal 3d and oxygen 2p orbital [12,13], the TM d-band and oxygen p-band centers [11]
and the charge transfer energy [73]. By optimizing the interplay between these factors, OER

performance can be improved. This can be achieved by proper doping into TMOs. Heavy doping
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in perovskite A or B-site will increase the carrier concentration but decreases the mobility due to
impurity scattering. Despite doping being the effective parameter to tune the properties, there’s a
limit depending on the type of application. When LaNiOs is doped with Fe, Ni obtains a fraction
of an electron from Fe atoms as Ni>* valence state is more stable, causing increased hybridization
between TM 3d- O 2p orbitals [74]. Therefore doping Fe in LaNiO3 B-site will enhance the OER
catalytic activity [13]. They reported the volcano like trend in OER performance with 37.5%
doping in B-site being the best OER catalyst. Larger Fe concentration will increase the coulomb
repulsion in TM 3d bands and opens the gap making it harder for electrons to move across the
fermi level. Similar results were reported for doping Sr in LaNiO3 A-site [75]. The TMOs with
highest OER performance are among some double perovskite structures such as
Bao.sSro.sCoo.sFe0203-5 , are also doped materials in a complex way [8,76]. Therefore, doping can

be a very efficient way of optimizing the catalytic properties.

Strain primarily originates from the lattice mismatch between film and the substrate. Thinner films
can withstand large strain, but thicker films eventually relax to reduce strain by creating misfit
dislocations. Therefore, choice of the substrate is important in controlling the strain. Interfacial
strain can bring about the significant changes in the materials properties. Distortion in the lattice
due to epitaxial strain might break the degeneracy of metal 3d orbital causing 3d band splitting
and changing charge transfer energy. LaTiOs3-+5/LaNiOs interface shows eg band splitting and
orbital polarization induced by the strain [77]. Epitaxial strain in NdNiO3 causes splitting of eqg
bands. Which changes the covalency and charge transfer energy leading to the metal-to-insulator
transition to antiferromagnetic and paramagnetic phase for tensile to compressive strain [22,78].
Epitaxial strain can cause BOs octahedra tilting, breaking the octahedral symmetry [79]. There is

a wealth of evidence that strain influences the catalytic properties. The application of strain might
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change the metal -oxygen (M-O) bond length and cause splitting of d,2 and d,2_,2 orbitals.
Tensile strain favors occupation of in-plane ( d,z_,z2) orbitals and compressive strain favors

occupation of out-of-plane (d,2) orbitals [80].
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Figure 1.3: Ni 3d band splitting under octahedral crystal field and under strain. The octahedral
crystal field splits 3d bands into 2-fold degenerate eg and 3-fold degenerate t2g bands. Under tensile
and compressive strain degeneracy of eg bands is lifted further making filling of an in-plane and

out-of-plane orbitals favorable respectively.

Schematic of 3d orbital splitting of under tensile and compressive strain is shown in figure 1.3.
Out of plane orbital filling lowers the d band center, which favors catalysis. LaNiOs under

compressive strain shows higher catalytic activity [11]. Similar results have been observed in
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LaCoOs thin film [81]. Therefore, strain engineering is crucial in designing a catalyst with

improved performance.

1.4 Band Alignment and Charge Transfer

Heterojunctions have a discontinuity in electronic bands at the interface. When two different
materials are brought together, their Fermi energies align to be constant throughout the material;
as a result, the valence band and conduction band realign themselves, which is known as band
alignment. The discontinuity in the band edges after alignment of the Fermi level are the band
offsets. In the heterostructure there exists a potential gradient across the interface if the charge is
transferred across the interface. Band edges at the interface bends due to charge transfer. Band
bending can be used to tune electron hole-pair separation or recombination. This is particularly
useful to improve photocatalysts [82]. As the band offset represents the energy barrier for charge
carriers, understanding band alignment is critical for understanding and manipulating

heterostructure properties for various device applications.

Interfacial charge transfer is potentially superior way to achieve doping and can result in
different novel phenomena that doesn’t exist in their constituent material [83]. Doping adds
electrons or holes to the material depending on the nature of dopant. We can achieve the same goal
with charge transfer and avoid oftentimes unnecessary consequences such as lattice distortion and
reduction in mobility due to the insertion of different atomic species in the lattice. We can control
the amount of charge transfer required for specific device applications by selecting a suitable pair
of materials. Charge transfer from Ti to Ni in LaTi0O3-+5/LaNiOs interface results in insulating
ground states which can be used to new electronic and spin states [77]. A thickness dependent

metal-insulator phase transformation has been reported in LaNiO3/LaMnOs3 interface [84]. The
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LaTiOs/LaFeOs interface shows non-magnetic behavior as a result of charge transfer from Ti to
Fe 3d orbitals [58]. In TMOs unoccupied eg bands of the B-site cations are near the Fermi energy,
therefore the possible charge transfer leads to an electronic rearrangement of the eg orbital. Because
A-site electronic bands are far from the Fermi level, they are usually indifferent to charge transfer.
Even though the effect of interfacial charge transfer in catalysis has not been studied, we can expect

it to have an impact on catalysis because B-site is the active site for OER catalysis.

1.5 Overview of the Dissertation

The study of perovskite rare-earth ferrites, specifically LaFeOs, for its application as an OER
catalyst is the focus of this dissertation. In a quest to optimize its catalytic properties, we tried to
tune it’s electronic structure by nanostructuring, doping and creating a heterostructure. This
dissertation will present the systematic study of LaFeOs, LaNiOs3, LaFeO3/LaNiO3 and Sr-doped
LaFeOs thin films from synthesis to characterization. The thesis will conclude with a presentation
of the results and a discussion of some future directions based on the experience gained during this

work.
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Chapter 2

Density Functional Theory

2.1 Introduction

Density functional theory is a quantum mechanical approach to compute the electronic structure
of the materials. DFT has been very successful in predicting ground state electronic properties,
though it is known for underestimating band gaps in semiconductors and insulators. Therefore, it
has been widely used to study the electronic properties of numerous material systems, including
complex oxides [85—88]. The DFT is based on the Hohenberg and Kohn theorem [40], which states
that the total energy of the system can be expressed as the functional of ground state electronic

density,
E=E[p()]
The total ground state energy of the multi-particle system can be expressed as,

E[p] = Til[p] + Eenlp] + Enlp] + Exclp]

where Ty [p] is the single particle kinetic energy, E.y[p] is the electron-nucleus interaction energy,
Ey[p] is the Hartree energy, which accounts for the coulomb interaction between electrons, and
E.c[p] is the exchange-correlation functional. The challenge in this method is accurately

calculating exchange-correlation energy given by

Evelp] = f &1 p(r)ese(r)
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Here for calculation of exchange correlation energy, €,.(r) requires some approximation.
Commonly used approximation are the local density approximation (LDA) and generalized

gradient approximation (GGA) [89].

Later, Kohn and Sham demonstrated that electron density for multi-particle system as sum as
single electron density [41]. They were able to calculate the ground state energy accurately by
solving Schrodinger-like equation using density dependent potential called Kohn-Sham

equations [41]. Which is written as,

[T+ Ven () + V() + Ve (M]pi(r) = &(r) 9i(7)

where ¢@;(r) are the Kohn-Sham orbitals. The success of this method lies in the self-consistent

calculation of the electron density. The electron density is defined as,
() = ) 9l i)
occ

Once the electron density is calculated, the ground state energy can be calculated for a multiparticle

system.

The DFT modeling software Quantum ESPRESSO was used for first principles calculation in this
work [90,91]. Quantum ESPRESSO is open-source software, which has been widely used to
compute ground state electronic and structural properties Over the years the code has been
improved significantly and has become more robust such that even non-equilibrium (excited state)
properties can be calculated [91]. First principles methods using DFT commonly employs plane

wave pseudopotential [92] or projector augmented wave methods [93] with LDA or GGA
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approximation for exchange correlation functional to calculate the electronic structure of many

body electron systems.

2.2 DFT+U Method

The LDA or GGA approximation on exchange-correlation functionals are based on the
homogeneous nature of the electron gas [94,95]. Despite the success of this model, it fails to
accurately describe the ground state properties of most transition metal oxides. In transition metals
with d or f-valence shells, valence electrons experience strong onsite Coulomb interaction
producing what are known as strongly correlated electron systems. A common problem is the
underestimation of band gap in the insulators and semiconductors [96,97]. In order to address this
problem one of the widely used method is introduction of correction potential inspired from
Hubbard model [44], which is commonly known as DFT+U method. There are two different
approaches to introduction of Hubbard correction. One is Hartree-Fock like Coulomb potential(U)
as described by Dudarev et al. [98].The other approach is considering the anisotropic Coulomb
interaction. In addition to Coulomb interaction(U), the exchange term(J) is also included [99]. But
for simplicity both Coulomb and exchange interaction is used as a single parameter as Ue=U-J.
Introduction of Hubbard correction has been successful in predicting the band gap and ground state

electronic structure in strongly correlated systems [43,100].

The choice of U is not unique and cannot be physically determined from first principles. Instead
the value of U is chosen to match physical parameter such as lattice constant or the electronic band
gap with experimental results. However there are newly developed approach to self-consistently

calculate the U parameter known as ACBNO [42]. ACBNO method accounts for both the coulomb
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interaction and exchange interaction to calculate U parameter. This method has resulted in

improved prediction of electronic band structures in the transition metal oxides [88].
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Chapter 3

Thin Film Growth

3.1 Molecular Beam Epitaxy (MBE)

Epitaxy refers to the deposition of a crystalline material on a crystalline substrate, where atoms on
the deposited layer arrange in the same structure and orientation as the substrate crystal. Therefore,
the whole structure is a single-crystal, and the deposited layer is an extended part of the single
crystal substrate. If the deposited layer and the substrate are the same material, the synthesis is
called homoepitaxy; if they are different, it is called heteroepitaxy. Homoepitaxial or
heteroepitaxial thin films allow us to alter their bulk properties either by doping or by applying
strain. Thus, epitaxial films offer unique opportunity for scientists to develop new materials for a
wide range of new applications. Different applications where thin films are useful or being

explored were discussed in chapter 1.

The modern-day MBE is the result of advances in vacuum science and the deeper understanding
of materials in the most fundamental level over several decades. MBE was initially used for the
growth of III-IV narrow gap semi-conductor compounds such as GaAs, GaixAlxAs, GaixInxAs,
which were thought at the time to be excellent candidate semiconductor to be used in
MOSFETs [101,102]. To grow these compound materials atomic fluxes were obtained by heating
source materials to high temperature to evaporate or sublimate from the sources. These materials
were relatively easy to grow as they would easily react to form a crystal at high temperature [101].
Due to the thermodynamically favorable ‘growth window’ even if there is excess flux of volatile
As, only those As atoms would stick to the substrate which can bond with Ga and excess As

desorbs from the surface.
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After the discovery of high temperature superconductivity in Ba - La- Cu- O system, the transition
metal oxide thin film gained significant attention [103]. Unlike GaAs systems transition metals
lack adsorption-controlled growth window and therefore are challenging to grow. Transition
metals generally need higher oxygen pressure to adequately oxidize their thin films. In the MBE,
metals are brought to gas phase by thermal evaporation and therefore have low kinetic
energy(~0.1eV). If the oxygen pressure is too high, such low energy particles suffer scattering and
result in poor quality thin films. Supply of atomic oxygen through plasma or ozone were developed
as they were highly reactive even at low pressure and temperature. [104,105]. Another challenge
was to bring refractory metals such as Hf, Ta, Nb, Ti in gas phase using effusion cell and
maintaining the stable flux. These materials have commonly been evaporated using an electron-
beam evaporation source, though more recent efforts have focused on the use of metal organic
precursors [106,107].Which solved the issue of refractory metals despite some challenges and
difficulty in integrating metal organic source to the MBE system. Some other transition metals
evaporated easily in the effusion cell, but due to oxidation of the source material in the effusion
cell during its exposure to high oxygen pressure during growth, it was difficult to obtain their
stable flux or the source material has to be replaced too often [108]. The use of differential
pumping and more powerful turbomolecular pumps helped in minimizing this problem [109].
Integration of in-situ RHEED made it possible to monitor the thin film growth in real-time. Which
allows us to perfect the growth recipe. With all these advancements it has become possible to grow
wide range of materials including Dbinary to quaternary perovskite oxides

artificially [106,107,110].
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Figure 3.1: Auburn FINO Lab plasma- assisted MBE system. The MBE chamber is kept in ultra-

high vacuum environment. Substrates are transferred from loadlock chamber with the help of

sample manipulator and magnetic transfer arm in high vacuum condition. The individual metallic

fluxes are obtained by heating source materials in effusion cells situated at the bottom of the

chamber. Highly reactive radio frequency oxygen plasma is used for oxidation of the thin films.

And high energy electron diffraction pattern, as indicated in light green color, is used to monitor

the thin film growth.

Modern oxide MBE systems use Knudsen effusion cells, where elemental or molecular sources

are heated to get atomic or molecular fluxes. Atomic fluxes are measured using a quartz crystal
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microbalance (QCM). The MBE chamber base pressure is ~10® Torr And operates at oxygen
background pressures of 10 to 10 Torr. At such a low pressure, evaporated atoms have high
mean free path so that they are not scattered via collision with oxygen atoms and molecules and
easily reach the hot substrate where they diffuse and crystalize. The schematic of the MBE system
is shown in Figure 3.1. Evaporated atoms have low kinetic energy (~0.1 eV) which enables
coherent and psuedomorphic growth of the single-crystal film. Oxygen is supplied through an RF
plasma source. The oxygen plasma efficiency varies, depending on plasma power and oxygen
pressure. High power plasma tends to damage the substrate or thin film itself. But nowadays
plasma is pretty standard and helps sputter clean carbon or water molecules from the substrate
surface without causing any damage to the substrate or film [111,112]. Ozone, on the other hand,
is a highly reactive oxygen source, can be an explosive due to exothermic nature of ozone
liquefaction. Therefore ozone should be handled more carefully to prevent any such incident [113]
In addition to effusion cells, atomic fluxes also can be obtained through the metal-organic
precursor source. Refractory metals such as Ti, Nb, Hf fluxes can be obtained by heating their
metal-organic precursor at low temperature [106]. The FINO Lab MBE is designed to

accommodate metal-organic precursors, though these were not used for this work.

Perovskite oxides have a layered structure, alternating between AO and BO: planes along the
<100> directions in the crystal. MBE employs slow growth process and gives better control over
each layer deposited and each atomic layers can be doped independently to achieve uniform doping
throughout the sample. Shuttered growth alternating between A site and B site cations can help to
control stoichiometry to produce more precise films [114]. Therefore, MBE in layer-by-layer

growth mode is ideal for synthesis of perovskite oxides.
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All the thin film samples discussed here are grown using MBE in layer-by-layer growth mode. By
controlling the shutter individually one layer was grown at a time. In the case of LFO, LaO and
FeOzlayers were deposited alternately to achieve layer-by-layer growth. 300-watt radio frequency
plasma was used to supply highly reactive atomic oxygen. All the samples were annealed post-
growth in oxygen plasma during cooldown to achieve adequate oxidation of the thin film samples.
Growth was monitored using RHEED and diffraction spots were sharp, and intensity shows nice

oscillation with periods matching the shuttering sequence.

3.2 Growth Modes

Growing a high-quality thin film is optimizing the interplay between temperature, oxygen pressure
and molecular fluxes. The growth process is bound by laws of thermodynamics and kinetics.
Depending on the temperature and pressure the atomic layers arrange differently on the substrate

to form a single crystal.

Schematic of different growth modes in epitaxial growth is shown in figure 3.2. Island growth
(Volmer-Weber growth) occurs usually at low temperature. When particles don’t have sufficient
kinetic energy to move around the substrate surface the atoms form a cluster. They are more
strongly bound together than with the substrate surface [115]. The atoms form a columnar structure
on the substrate. As the growth proceeds structures rise above the surface with multiple unit cells
of roughness and the intensity of the RHEED spots decreases. Two-dimensional array of
diffraction spots can be seen in the RHEED patterns in this case due to transmission of electrons

through the small islands. This is the key indicator of island growth.
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Figure 3.2: Different growth modes common in MBE. In layer-by-layer mode one atomic layer is
filled completely before another layer start to fill, producing atomically flat surface, whereas Island

formation produces rougher surface.

In a layer-by-layer growth mode (Frank-van der Merwe growth), one atomic layer is deposited at
a time and the second layer doesn’t start until the first layer is completed [116]. This type of
growth usually occurs at temperatures higher than for island growth. The atoms are bound more
strongly with the substrate than with each other. The atoms have sufficient energy to diffuse across
the surface but not enough energy to cross the step terrace on the substrate surface due to the
Ehrlich-Schwoebel barrier [117,118]. This growth mode is particularly important for the synthesis
of multilayer materials. We can effectively control the thin film thickness in this mode and produce
abrupt interfaces. If the atomic or molecular fluxes are calibrated properly each oscillation
corresponds to one monolayer. We can calibrate flux and the shuttering time to match one
monolayer per oscillations based on the information from X-ray reflectivity data and
RHEED [119]. This will enable us to control thickness with the precision of a monolayer and make

precise heterostructures.
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When the atoms have sufficient energy to move around the surface, atoms move to
thermodynamically favorable steps and starts depositing. When one step is complete atoms move
to the next energetically favorable step and growth continues this way. This is called step flow
growth [120]. This occurs at higher substrate temperature. During step flow growth RHEED
intensity doesn’t oscillate but remains bright all the time, as the surface termination is unchanged

throughout the process.

The combination of both island and layer-by-layer is also possible and is known as Stranski-
Krastanov growth. Film growth starts with layer-by-layer mode and island formation begins to

occur as condition becomes energetically unfavorable [115].

3.3 Role of Substrate and Substrate Preparation

The choice of substrate is critical for any type of thin film or heterostructure growth. The surface
termination, substrate orientation and lattice mismatch significantly impact the thin film properties.
The most important parameter here is the lattice mismatch, which is primarily used to control the
strain. Although strain in thin films or heterostructures has led to the novel phenomena [121-125],
excessive strain could be detrimental to film quality due to the lattice distortion or formation of
defects [126]. The surface orientation of the substrate affects the orientation of thin films as well.
For example Depending on the orientation of exposed film surface their certain properties might

vary [128].

The thin film properties or interfacial phenomena in heterostructures may also be impacted by the
substrate termination. One famous example is the creation of 2DEGs at the TiOx-terminated

LAO/STO interface [57,129]. Specific termination can be obtained by chemical etching. By
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immersing STO substrate in hydrofluoric acid solution Sr is etched out and after annealing TiO2

termination can be obtained [130].

Figure 3.3: 10x10 mm2 Nb:STO Substrate mounted on a sample holder. The samples are mounted
with the help of foil, pins and a thin wire made up of Ta to sustain high temperature condition. The
front surface of the substrate is polished to produce atomically flat surface and therefore looks
shiny.

For the work in this dissertation, we used commercially available cubic (001) STO and 0.7% (001)
Nb doped STO. Cubic (100) LaAl203 (LAO) and cubic (100) (LaAlO3)0.3(Sr2AlTa0Oe)o0.7 (LSAT)
were also used for calibration growths. STO has a small lattice mismatch with both LNO and LFO,

which helped to minimize structural defects in these materials thanks to the absence of misfit

dislocations.

The substrate and holder used for the growth are shown in Figure 3.3. Dimension of the substrates

2 2

were either 10x10 mm* or 5x5 mm“. The substrates were sonicated in acetone and then in
isopropanol for ten minutes each. The substrate was dried with nitrogen gas to obtain a clean

surface. All the substrate we used for the growth were used without any etching or annealing.
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Regardless of surface termination or presence of steps or terraces on the substrate all thin films

reported here are of excellent quality.

3.3.1 Challenges with Oxide Molecular Beam Epitaxy

The MBE system itself is a complex system. Multiple pumps are working in tandem to maintain
the ultra-high vacuum system. Effusion cells, RHEED gun, and a QCM are attached to chamber
on ports that are confocal with the substrate stage. Multiple chillers are working continuously to
cool down the heated effusion cells and sample stage and maintain a lower temperature shroud at
-30°C for improved base pressure. system. The complex nature of the system makes its upkeep
challenging. Maintenance of the cryo pump and scroll pump must be performed regularly. Sudden
failure of any of these components could be costly. Electrical parts such as motors that are used to
control the shutters may need regular replacement or maintenance. As the mass accumulates over
time, the QCM becomes less sensitive and requires regular replacement. Due to the heat and
extended exposure to the highly reactive oxygen in the chamber, the filaments in the effusion cells,
stage, or RHEED gun may oxidize, which reduces their life. The oxidation of the source material
in the effusion cells is one typical issue. For the highly reactive source material and RHEED system
and a differential pumping system has been installed to prevent oxidation. Another issue we've
been having is obstruction of the effusion cell opening due to oxidation. Particularly with nickel
and manganese because of the formation of oxide layer, blocks the effusion cell opening, which
either makes the particle flux unstable or completely blocks it. We should routinely clean these

cells, which is time consuming and tedious process.
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Figure 3.4: a) LaFeO3 thin film right after the growth b) same thin film after 30 minutes of post-

growth annealing in oxygen plasma. The RHEED pattern is brighter after annealing in oxygen

plasma, which indicates the better oxygen stoichiometry.

Finding the ideal oxidation condition to minimize defects is another challenge. In low oxygen
environment the oxygen vacancies are more likely to form. Meanwhile, if the oxygen environment
is too high, secondary phases become more stable and cation defects are formed [131]. Post-
growth annealing in oxygen is very effective in minimizing oxygen defects [132,133]. Using low
oxygen pressure, thin film will suffer oxygen non-stoichiometry or form some defects, but these
perovskite thin films can incorporate defects to some degree without forming a secondary phase
and post-growth annealing reduces the concentration of oxygen defects. We annealed the LFO and
LNO samples in oxygen for ~30 minutes after the growth. The RHEED images of the LaFeOs3 thin
film right after the growth and after post-growth annealing is shown in Figure 3.4. The RHEED

spots after the post-growth annealing is much sharper, indicates that the sample is free of defects.

Synthesis of LNO requires Ni** valence state. Ni** being more stable presents another challenge.
Finding ideal temperature and pressure is crucial in LNO growth. If the thin film is not sufficiently

oxidized results in mixed valence state with secondary phases. If the temperature is too high results
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in lower oxidation state or defects. In thicker films formation of lower valence Ruddlesden-Popper
phases is more common. And if the temperature is low that affects the crystallinity. Post-growth

annealing was helpful in minimizing mixed valence or defects.
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Chapter 4

Thin Film Characterization

4.1 Reflection High Energy Electron Diffraction (RHEED)

Modern MBE systems are equipped with an in sitt RHEED system to monitor thin film growth in
real-time. It uses collimated high energy electron (10-100KeV) beam incident on sample surface
at grazing incidence to measure diffraction off of the plane of the film surface. Due to small
glancing angle (1°-5°) electrons probe only one or two atomic layers and the diffraction pattern of
the forward scattered electrons are observed on the phosphor screen as shown in Figure 4.1. A
CCD camera is mounted to the flange holding the phosphor screen and the video is fed to the

computer for further analysis.

The diffraction pattern we observe on the screen is due to the constructive interference of the
electrons satisfying Laue’s condition [134,135]. The separation of the RHEED spots is the
reflection of interplanar spacing between adjacent atomic planes in reciprocal space. The shape of
the diffraction spots is determined from the intersection of Ewald’s sphere and reciprocal lattice
planes of the atoms on the film surface. For example, the 1-D array of atoms in reciprocal space
forms an equidistant plane separated by the reciprocal of their interplanar spacing in real space.
For 2-D array of atoms in the reciprocal space forms an equidistant array of rods. When these rods
in reciprocal space intersect with Ewald’s sphere, they form a point. Therefore, diffraction patterns
of the 2D lattice with atomically flat surface are point spots. However, due to lattice imperfections

and lattice vibration reciprocal rods have finite widths, therefore RHEED patterns usually appears
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streaky. In the case of surface reconstruction additional secondary streaks appear in between

primary spots.

Sample Stage

RHEED Pattern

A—— |
B
Electron Gun

Phosphor Screen

Figure 4.1: RHEED measurement arrangement in MBE system. The substrate is incident with high
energy electrons (10KeV) at a small angle of incidence (1°-5°) and diffraction pattern of forward

scattered electrons are observed on the phosphor screen.

RHEED pattern can be visualized as a reflection from a mirror. Schematic of RHEED intensity
oscillation is shown in Figure 4.2. When the surface is smooth, intensity of reflected beam is
maximized. If the surface is rough the intensity of reflected beam decreases. Since electrons are
waves, they undergo diffraction and therefore they produce a diffraction pattern along with the
specular reflection spot. When atoms are deposited on the substrate, the surface begins to roughen,
and the intensity of the diffraction pattern decreases. As additional atoms populate the surface, it
gets smoother, and the intensity begins to increase. When the layer is complete, surface is
atomically flat which produces the maximum intensity in the diffraction pattern. This process

results in oscillation in the intensity of diffraction pattern.

29



RHEED Intensi

Electron Beam

Figure 4.2: Deposition process of single monolayer in MBE and on the right are corresponding

RHEED oscillations.

This is the unique feature of layer-by-layer growth mode, which allows us to effectively control

the thickness. This is one of the advantages of the RHEED. If the atomic order degrades or thin

film becomes non-crystalline, RHEED intensity diminishes quickly. RHEED can provide various

thickness of the

information about the thin film in real time. The film thickness, growth modes,

film, growth rate, surface roughness, secondary phases and surface reconstruction can be easily
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extracted from the RHEED pattern, which makes RHEED an essential component of the MBE

system.

4.2 X-ray Photoelectron Spectroscopy

XPS is an important tool for characterizing thin films and epitaxial interfaces [136]. XPS can
provide variety of information about the thin film such as chemical composition and electronic
properties. The photoelectrons emitted carry the information about their bound state and the
environment they originated from. Therefore, by careful analysis of the photoelectrons, detailed
information about the local electronic structure can be obtained. Surface termination is important
in the TMO thin films or heterostructures, particularly in the case of polar/non-polar interface to
realize certain properties. Angle resolved XPS can provide such information. The potential
gradient in the material influences the electron binding energies, which is associated with the
photoelectron energies. Therefore, information of built-in potential or the band offset at the

heterostructure interface can also be extracted from XPS.

The physics behind the XPS is the photoelectric effect. When the X-Ray is incident on an atom, it
excites an electron from a particular shell and if the energy of photon is sufficiently high will eject
the electron out of an atom. When a photon interacts with electrons, different phenomena can
occur. For example, photon will excite an electron and subsequent transition will result in emission
of photon again or photon can eject multiple electrons known as Auger electrons. XPS analyzes

only the photoelectrons.

From the information of photon energy, the binding energy of the electrons can be calculated.

XPS uses a monochromator to select specific wavelength. The XPS system generally uses Al K
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(1487e¢V) or Mg K, (1254eV) line. The photon energy and the binding energy (Es) of

photoelectrons are related as,

E

photon — hv = Eg + &g + E}/

Where E, is the kinetic energy of photoelectron with respect to the vacuum level. And @y is the
material work function. When electron enters the analyzer the kinetic energy of electrons as seen

by the analyzer,

E, = Ekf—(CDA - (155)

Where @, is the work function of the analyzer. Now binding energy of the photoelectron is

calculated as,

EB=hV_Ek_(DA

The binding energy therefore depends on the analyzer work function rather than work function of

the material.
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X-ray Source  Electrons

Detector

Figure 4.3: Schematic of the XPS system. Monochromatic X-ray (Alks) is used as incident probe

and photoelectron energies are analyzed to determine the binding energy of photoelectrons.

The schematic diagram of the XPS system is shown in figure 4.3. The photoelectrons enter the
analyzer through the slit and are first decelerated to some constant energy value known as pass
energy. The analyzer then counts the number of photoelectrons at given energies that pass through
the entrance slit, where energy resolution is highly sensitive to the choice of pass energy and the
width of a selected entrance slit. Energy resolution can be improved by narrowing the slit and
decreasing the pass energy. And the electrons are at the end are focused to the detector. Due to the
ejection of photoelectrons, charge may build of in the samples if it is not conductive, which may
cause shifting of the binding energy of electrons. Lowe energy electron flood gun is used for charge
compensation and minimize the effect of charging. In this work PHI 5400 XPS system was used.
It uses Al Ka line for the measurement. The image of the PHI 5400 XPS system is shown in Figure

44.
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Figure 4.4: PHI 5400 XPS system in the Auburn FINO Lab. Hemispherical part is the
photoelectron energy analyzer. Ultra-high vacuum condition is maintained using titanium
sublimation pump. The vertical structure on the right side is power control rack for XPS system.

The depths that XPS can probe depends on the photoelectron’s attenuation length (A). The
photoelectrons ejected out of an atom deep into the material undergo inelastic scattering and loses
its kinetic energy. Inelastic scattering also increases the background level in lower binding energy
region. Therefore, with soft X-ray one can obtain information from 5-10nm deeper into the
material. XPS contains different peak features such as spin orbit splitting, spin multiplet splitting,
shake up satellites and Auger peaks. The atomic orbitals with / > 0, spin and angular momentum

couple according to L-S or J-J coupling scheme to split final states which leads to the doublet peak
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in XPS. The separation of these doublet depends on the strength of the spin-orbit interaction.
Another type of peak is spin multiplet splitting. When the valence band is not completely filled
and have unpaired spin, that interacts with the core level spin to give rise to peak splitting. Both
spin-orbit and spin-multiplet splitting are more common features among transition metal. When a
core level electron is ejected out of an atom valence electrons experiences sudden increase in
effective charge and respond this change by excitation of valence electrons to higher BE energy
levels, which results in new peak feature in a low kinetic energy side known as ‘shake up’ satellite.
Auger peaks are the most common peak feature in the XPS spectra. When the rearrangement of
valence electrons to fill the core holes results into an ejection of secondary electrons, results in
Auger peaks. These peak features are rich in information about electronic structure and bonding
environment in the materials. All these effects should to be taken into account for the accurate

analysis of the XPS data.

4.2.1 X-ray Photoelectron Spectroscopy Data Acquisition

For good XPS data collection, the sample must sit flat or should be properly aligned on the stage.
The choice of appropriate pass energy is crucial for high resolution data while achieving sufficient
signal-to-noise ratios to properly analyze the data. Also, the use of a flood gun to neutralize the
sample surface due to photoelectron escape is important in case of wide bandgap or insulating
substrates such as SrTiOs. After following the necessary steps, XPS data are collected in two

different scan modes.

4.2.1.1 Survey Scan

A survey is a quick scan over the entire binding energy range accessible with the given X-ray

wavelength. Al Ka line was used for the measurements, and range of the binding energy was -10
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eV-1400eV. Survey scans contain all the peaks resulting from the elemental composition of the
material. Therefore, survey scans are important to determine any contaminant present or absence

of the element necessary for the desired material. An example of survey scan is shown in Figure

4.5.
- 1 | 1 I 1 1 I
3 La3d i
- (0]
- La3p
s -
~
a; :
=F T
2F
=F Fe 2p 02p 7]
— F
- Fe LMM _
; La4d
- La dp Fe 3p
L s N 1 N N 1 L L L 1 L L " 1 " s N 1 N " 1 1 "
1400 1200 1000 800 600 400 200 0
Binding Enegy(eV)

Figure 4.5: XPS survey of LaFeOs film on SrTiOs substrate. All possible peaks including Auger

peaks that fall in the binding energy range of X-ray line can be observed.

For the thin films with thicknesses within the XPS probing limit, film thickness can be estimated
from the relative intensity of the peaks from the substrate before and after the growth.
Stoichiometry of the thin film can be estimated from the relative intensity of peaks corresponding
to different elements. In particular, XPS survey scans accelerates the analysis of the thin films to

improve a growth recipe.

4.2.1.2 Multiplex Scan

Multiplex scans take longer time and can provide more detailed information. To obtain better
resolution a lower pass energy and smaller energy step is used compared to survey scans.

Depending on the resolution of the multiplex data, spin orbit splitting or multiplet splitting might
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be visible or those peaks can be deconvoluted by fitting with components. The area under the peak
or components can be used to calculate stoichiometry. From the peak position of the individual
components, the valence state can be determined and in the case of mixed valence state, the ratio

of different valence state can be calculated.

6nm
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Figure 4.6: Fe 2p core level from LaFeOs film grown on Nb doped SrTiOs. Fe 2p region shows
clear spin-orbit splitting along with the satellite peak, which can be used to extract the information
about valence state of Fe.

A multiplex scan of the Fe 2p core level from an LFO thin film is shown in Figure 4.6. The
spin-orbit splitting is clearly visible with Fe 2p32and 2pi1/2 ~14.6 €V apart. These binding energies
correspond to the Fe*" valence state [137,138]. In addition to main peak there is a shake-up peak
at the right shoulder of the 2pi/2 peak. This shake up satellite is signature of Fe** state, whereas
Fe?* shake-up satellite is shifted to lower binding energy [139]. Therefore, different peak features

are very important to determine local bonding environment and thereby oxidation state.
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Another important application of XPS is determination of the band offset at the heterostructure

interface. In the heterostructure Fermi level of the two materials must be constant throughout the
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Figure 4.7: Band alignment at the interface of two semiconductor material. The band offsets are

measured using flat band approximation.

system. Once the Fermi level between two semiconductors align themselves to be constant, the
valence and conduction also realign themselves to produce a particular band alignment. The
resulting difference in energy between valence bands and conduction bands are the band offsets.
The band offset in heterostructures is crucial to predict the charge transfer between two materials
at the interface. The band offset between two semiconductors is shown schematically in Figure

4.7. XPS allows us to precisely determine the core level binding energies and valence band
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maximum (VBM) of the material. From this information the band offset can be determined using

following equations, often referred as Kraut’s method [140].
AE, = (B¢, — E) — (B¢, — EJ) — (B¢, — EGL)
AE, = Ef — EZ — AE,

Where AE,and AE. are valence band offset and conduction band offset. EZ; and EZ; are the core
level BE of two semiconductors. E;' and Ej are valence band maxima, similarly Eg' and E; are
the band gaps. The valence band maxima are measured with respect to some core level energies in
sufficiently thick films. And the difference in core level BE is measured in thin film
heterostructure. This method works so well because the VBM measured with respect to core level
remains constant regardless of any changes to the material [141]. Main challenge with this method
is precise determination of VBM from valence band spectra. Rather simple method of linear
extrapolation of valence band edge to the zero-background level have been found to work
reasonably well compared to Kraut’s original approach of fitting XPS valence band spectra with

theoretical valence band density of states [142].

XPS measurement in all the samples was carried out In-sifu, which enables measurement on
pristine samples without any chemical changes due to exposure to atmosphere. /n-situ XPS is very
impactful in examining the surface and interface of as-grown samples and better understanding

their properties

4.3 X-ray Diffraction
X-ray penetration depth in the solids is of the order of microns, therefore it is a bulk sensitive

technique. X-rays are produced by interaction of energetic electrons with a target material, the X-
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ray anode. When the electrons hit the target material there are two types of interaction i) electrons
are decelerated by atomic core due to electrostatic interaction which produces continuous spectrum
of X-Ray and 1ii) if the electrons have sufficiently high kinetic energy, they dislodge the core
electrons and a subsequent transition to fill the core hole generates the X-ray characteristic
spectrum. The characteristic spectrum consists of a mixture of several wavelengths and a
monochromator is used to produce monochromatic X-ray filtering out unwanted wavelengths.
Monochromatic characteristic spectrum is used for XRD measurements. The monochromatic
beam is passed through the collimator to produce highly parallel beam of monochromatic X-rays.

Conventional XRD uses the Cu Ko line which consists of K,,, and K, lines. High-resolution XRD
is equipped with the ability to filter out K,, and uses only K, line. This is achieved through

diffraction of the X-rays off of two Ge crystals that are configured to satisfy the Bragg condition

for only K, wavelength. In this dissertation all the measurements are performed using and Cu K,

(1.54A) X-ray.

When X-rays interact with solids, a mixture of photoelectrons, fluorescent X-rays, incoherently
scattered X-ray and coherently scattered X-rays are produced. Only coherently scattered X-rays
which satisfy Bragg’s condition forming a diffraction pattern are analyzed in XRD [143]. In a
crystal, atoms are arranged periodically in atomic planes separated by a distance dnw . Bragg’s law

states that only those scattered electrons interfere constructively, which satisfy the condition

Zdhleing == nﬂ

Where 6 is angle of incidence and A is the wavelength of the X-ray. In a cubic crystal with lattice

constant ‘a’, (hkl) atomic planes are separated by a distance
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a
I = T
Therefore X- rays can provide information about the crystallinity and the crystal structure. XRD

measurements can provide variety of other information such as film thickness, surface roughness,

and the orientation of the crystal.

4.3.1 High Resolution X-ray Diffraction

High resolution XRD uses only K, , which has wavelength very close to K, line but is twice in

intensity and finer linewidth; therefore, can produce high resolution diffraction pattern than K

line. We performed mostly out-of-plane HRXRD and X-ray reflectivity measurement for our work

in this dissertation.

High resolution X-ray diffraction (HRXRD) is a non-destructive process to study crystalline
materials. The Rigaku SmartLab system used in this work uses Cu Ka: source filtered
appropriately for thin film samples using a parabolic mirror and double bounce Ge (220)
monochromator. Measurements were carried out in 26-w scans on the (001) reflection of the STO
samples using a Malvern Panalytical X'Pert3 Diffractometer with a four-circle goniometer and a
Cu Ka; radiation line isolated with a double bounce Ge (111) monochromator. Where w is the
angle of incidence and 26 is the angle between incident and reflected X-ray. Parallel beam optics
is used for thin film samples. In 26-w mode X-ray source moves at angle @ and detector moves at

an angle 26. The schematic of the XRD is shown in figure 4.8.
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Detector

Figure 4.8: Schematic of high resolution XRD. Position of X-ray source is recorded as o and

detector position is 20. In 26-m mode both source and detector move in a circle around the sample.

Out-of-plane diffraction is caused by either symmetrical or asymmetrical reflection from the
atomic planes. Symmetrical reflection is obtained if the lattice planes are parallel to the sample
surface and asymmetrical reflection is obtained if the atomic planes are tilted. The diffraction due
to symmetrical reflection is intense and can probe deeper than in the case of asymmetrical
reflection. This method is well suited to study thin films with homogeneous crystal orientation, to
get the information about crystal structure and crystallographic orientation. The reflection from
the (002) plane of LFO thin film on STO (001) substrate is shown in Figure 4.9 (a). As can be seen
from the reflection peak of substrate and film, there is a lattice match and LFO crystal planes are
parallel to the substrate. Additionally, there are interference fringes along with the main reflection
peaks. Usually, the presence of these fringes is indication of highly crystalline film. The out of

plane lattice parameter can be calculated by fitting these reflection peaks with suitable parameters.
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Figure 4.9: High resolution out of plane and X-ray diffraction pattern and reflectivity data for 20
nm LaFeOs film on Nb:SrTiOs substrate with thickness fringes labelled with arrows.

X-ray reflectivity is used to calculate thickness of the thin films. When X-ray are incident on the
sample surface at a small angle gets reflected and as the angle is increased intensity of the reflected
x-ray decreases rapidly. XRR technique analyzes interference pattern between X-ray reflected
from surface and the interface. Therefore, XRR scans are over small range (0-6°) that is sensitive
primarily to the film thickness. The reflection profile shows oscillation in intensity known a
Kiessig fringes due to the interference between the X-rays reflected from the surface and the
interface [144]. Period of these oscillations depend on surface roughness, film thickness and
density of the material. The period of these oscillations gets longer for rougher films. Thicker films
have shorter period of oscillations. The XRR curve of 20nm thick LFO film on STO (100) and it’s
fitting is shown in the Figure 4.9 (b). The thickness, density and roughness of the samples can be

determined accurately by fitting the X-ray reflectivity curve.

4.4 Atomic Force Microscopy(AFM)
Atomic force microscopy (AFM) is powerful surface analysis technique. It can produce a high-

resolution nanoscale image of the material surface topography. AFM uses a nanoscale tip mounted
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on cantilever spring. A simplified sketch of the AFM system is shown in Figure 4.10. When the
tip is brought very close (1-10 nm) to the sample surface the atoms at the tip sense force due to the
electrostatic interaction with the atoms on the material surface. As the tip is scanned along the
surface, the force experienced by the atoms in the tip changes due to topography variation, this

information is used to get the topographic image of the surface.

aporpojoygq

Cantilever

Sample Surface

Figure 4.10: Atomic Force Microscopy system.

The AFM works in two different modes contact mode and non-contact mode. In contact mode, the
tip contacts the surface and due to electrostatic interaction, the cantilever bends. A laser diode and
photodetector is used to detect the bending. An electronic feedback loop is used to keep the force

constant (bending constant) between tip and sample surface.

In non-contact or tapping mode, the cantilever vibrates at a mechanical resonance frequency. As
the tip moves along the surface, the force between tip and the surface atoms changes due to
topographical variation. This change in force changes the amplitude and the phase of the
oscillation. The change in amplitude is detected using the laser diode and photodetector. An
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electronic feedback loop monitors the force to keep the tip-sample separation constant. In both
contact and non-contact mode the deflection of the tip is mapped to get the high-resolution

topographic image of the surface.

Contact mode can often produce higher resolution images compared to non-contact mode but can
be destructive to the thin film surfaces. Therefore non-contact mode was used to image the surface
in this work. The AFM images in this work are obtained using a Park Systems’ XE7 AFM, over
area as large as 5 x 5 um? to measure the root-mean-square (rms) surface roughness of the LFO

and LNO thin films. The AFM images of the two different LFO sample is shown in figure 4.11.

Figure 4.11: AFM images of LFO thin film a) with rough surface b) smooth surface.

One (Figure 4.11(b)) has a smooth surface, and another sample(Figure 4.11(a)) has a rough surface
with secondary phases such as binary oxides. AFM is very helpful tool in assessing the film quality

in the TMO thin films.
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4.5 Scanning Transmission Electron Microscopy (STEM)

STEM can produce a real-space image of materials at atomic scale resolution. A beam of electrons
is focused into a point probe of the size of 1A using electron optics, which is sufficient to resolve
interatomic distances in most of the crystal structures. The fine electron beam is scanned across
the sample. Since STEM uses information from transmitted electrons to create the image, the
sample cross section must be sufficiently thin to allow for the electron transmission through the
material. The transmitted electrons are scattered by the atoms in the sample. The scattered electrons

are detected using different detectors.

Incident electrons
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Figure 4.12: STEM imaging in HAADF mode. In this mode only the scattered electrons at high

angle as indicated by orange circle are analyzed.

Based on the angular distribution of the scattered electrons used to produce images, it can be dark-
field or bright-field as shown in Figure 4.12. In this work STEM images were produced using a
high angle annular dark field detector. In HAADF mode only the electrons scattered at high angle

are collected by the detector. The scattering of these electrons is like Rutherford scattering where
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the intensity of scattered electrons is proportional to the square of atomic number(Z2). Therefore,
the heavier atoms appear brighter in a HAADF-STEM image. Electron energy-loss spectroscopy
(EELS) coupled with STEM can produce elemental mapping which provides the information of
chemical composition. From STEM images the lattice structure and defects present can easily be
visualized. In the case of heterostructures interfacial cation mixing or misfit dislocations are

apparent, which makes STEM-EELS an ideal tool to study thin films and heterostructures.

4.6 Cyclic Voltammetry (CV)
Cyclic voltammetry is an electrochemical technique to study redox chemistry in the material.

Experimental setup of CV measurement consists of three electrodes as shown in Figure 4.13.

Electrode connections

Glass container

Electrolyte solution

Working electrode

R T
\ Reference electrode

Counter electrode

Figure 4.13: Three electrode system for Cyclic voltammetry measurement.
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Acidic or basic electrolyte solution is used to provide path for electrons generated during oxidation
or reduction process. The working electrode is where oxidation or reduction takes place. A
reference electrode is used to measure potentials across other electrodes and standardize potential
differences in the analysis. When oxidation or reduction takes place at the working electrode
current flows due to electron transfer during the chemical reaction. The counter electrode

completes the circuit so that electron can flow and current can be measured.

In this work the electrochemical measurements were performed by our collaborator at Auburn
chemistry department. In order to measure the oxidation or reduction activity of the thin film
samples they are mounted on the working electrode as shown in Figure 4.14. The working
electrode is usually made up of glassy carbon. The thin film sample is attached on the glassy
carbon electrode using gallium indium eutectic to get the conductive contact. Additionally, silver
paint is applied around the eutectic’s edge to hold the substrate in place. Epoxy is then used to

seal the entire structure, leaving only the film surface exposed.
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Figure 4.14: LFO thin film sample mounted on a glassy carbon working electrode.

For data acquisition potential is applied externally through a potentiostat and the resulting current

is measured. Cyclic voltammetry is an important tool to study the beahvior of oxide thin films as

well as interfaces under electrochemical process for their application in renewable energy

technology.

4.7 Electrochemical Impedance Spectroscopy (EIS)

EIS helps understand the charge transfer process across the various interfaces under

electrochemical process. The experimental set up for EIS measurement is similar to that of CV.

The frequency of input ac signal is varied and change in impedance as a response is measured. The

analysis is done using Nyquist plot and Bode phase plot. Typical Nyquist plot and Bode phase plot

is shown in Figure 4.15.
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Figure 4.15: a) Nyquist plot and b) Bode phase plot of 10nm thick LFO-Nb:STO thin film.

The Nyquist plot is the is the plot of real and imaginary part of the impedance, which is fitted with

Randle’s circuit to extract the information about impedances due to different interfaces or



contacts [145]. The bode phase plot is the plot of phase of the output signal vs frequency.
Depending on the nature of the interface or charge transfer, it will exhibit different peak features
or peak shifts for different potentials. Combination of Nyquist and Bode plot can elucidate the

charge transfer mechanisms across the various interfaces.
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Chapter 5

Perovskite Oxide Thin Film Properties and Their OER Activity

Portion of this chapter are extracted from Burton et al. published in Journal of Materials

Chemistry A, 2022, 10, 1909-1918 DOI: 10.1039/d1ta07142d with permission of the publisher.

5.1 Lanthanum Ferrite (LaFeQO3)

5.1.1 Structural and Magnetic Properties

Figure 5.1: Orthorhombic LaFeO3 unit cell. The FeOs octahedra tilting distorts from the ideal

cubic structure quadrupling the unit cell volume.

LaFeOs is an orthorhombic wide band gap semiconductor with AFM-G type antiferromagnetic
phase at the ambient condition. Its orthorhombic perovskite structure is shown in Figure 5.1.

Lanthanum ferrite assumes Orthorhombic structure with Pnma space group and G-type
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antiferromagnetic phase in ambient condition [146]. Experimental lattice parameter are a=5.557A,
b=5.565A and c=7.854A [147]. First principles calculations using density functional theory
predicts the orthorhombic structure with a=5.549A, b=5.563A and c=7.873A, which is in good
agreement with the experimental data. The tolerance factor (TF) for LFO is 0.954 [148], and for
this value of TF orthorhombic is the stable structure. A site is occupied by La>" cations and B-site
is occupied by Fe*" cations. B-site is 6-fold coordinated with oxygen, and due to octahedra tilting
there are two inequivalent oxygen sites Ol and O2. Glazer notation for octahedra tilting for
orthorhombic structure is a'b’b™ [149]. The lattice parameter of orthorhombic structure due to
octahedra tilting relates to its pseudo-cubic structure as a=v2apc b=v2apc and c=2apc. LaFeO3
structure also evolves in symmetries with temperature. LaFeOs changes its orthorhombic Pnma

symmetry to thombohedral R3¢ at 1228 K and transforms to Pm3m cubic symmetry is predicted

at 2140 K [150].

The antiferromagnetic behavior in LFO is due to the spin ordering in Fe** cations. Five 3d orbital
electrons are distributed as t2g’eg” in high spin state [151]. And the super-exchange interaction
through Fe-O-Fe bonds results in antiferromagnetic alignment [152]. Magnetic behavior is also
temperature dependent. The antiferromagnetic phase changes to paramagnetic at 735 K [150]. Spin
polarized DFT calculations of the orthorhombic LFO structure also shows the antiferromagnetic

phase.
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Figure 5.2: Out of plane high resolution XRD data for LFO thin film grown on (001) Nb:STO

substrate.

LFO thin films are grown on SrTiOs substrate, which is a cubic perovskite. The lattice mismatch
between LFO (apc=3.93A) and STO (apc=3.905A) is ~0.6% therefore, epitaxial LFO thin films are
coherently strained. The out-of-plane X-ray diffraction data shown in Figure 5.2 confirms the
lattice match between LFO thin film and STO substrate. The well-defined thickness fringes implies
that the LFO samples have high crystallinity. We can see two peaks from cubic Nb:STO substrate
(001) and (002). The (001) and (002) peaks from pseudo-cubic LFO thin films overlaps with STO

diffraction peaks. Therefore, LFO sample grown on STO substrate have pseudo-cubic structure.
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5.1.2 Bulk and Surface Electronic Properties

LaFeOs is a wide band gap semiconductor with experimental band gap 2.3 eV [153]. It is an
intrinsic semiconductor as Fermi energy resides in the mid-gap [154]. Crystal field leads to
splitting of 5-fold degenerate Fe 3d band into 3-fold degenerate t2¢ and 2-fold degenerate eg states.
The ground state electronic configuration is t2g’eg’. The electronic band structure and density of

states using the first principles calculations are shown in Figure 5.3.
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Figure 5.3: Ground state electronic structure and density of states projected onto different atoms

and orbitals of LaFeOs.

The valence band edge is formed by mostly oxygen 2p states hybridized with unoccupied t2g and
the deep oxygen 2p bands are separate from bands near the Fermi energy. The conduction band
near the Fermi energy is mostly formed of occupied tog states. The valence band maximum and
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conduction band minimum lie at T point resulting in direct band gap of 2.2 eV. Some groups have
reported that conduction band minimum lies at I' point which is below 0.01eV than the CBM at T

point, but our calculations reveal otherwise [153].

5.1.3 Thin Film Synthesis

There are several approaches to grow thin films. Depending on the technique employed films could
be amorphous, polycrystalline to single crystals. We focus our discussion on epitaxial single
crystal thin films. MBE and pulsed laser deposition are the most advanced techniques that allows
control the thin film in atomic level. For layered structure such transition metal perovskites it is
easy to control the film termination and dope uniformly throughout the sample with these

techniques.

LaFeO3 thin film samples were synthesized using molecular beam epitaxy (MBE) in layer by layer
growth mode. LFO thin films of varying thicknesses were grown on commercially available 0.7%
Niobium doped SrTiOs substrates. Individual metallic fluxes were obtained by heating metallic
source in high temperature effusion cell. The RHEED image along of the LaFeOs thin film along

[110] is shown in Figure 5.4.
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Figure 5.4: a) Schematic of the LFO unit cell orientation on (001) Nb:STO substrate. b) RHEED

image of the LFO samples, arrows indication the c(2x 1) reconstruction.

The RHEED images of the thin film sample is very sharp indicating stoichiometric film with high
crystallinity. There are additional streaks in between major diffraction spots as indicated by the
arrows in Figure 5.4 (b), which is due to c(2x1) reconstruction. This reconstruction suggests that
the c axis of the orthorhombic LFO is parallel to the substrate surface and (001)sto || (110)Lro as
shown in the Figure 5.4 (a). Clear intensity oscillation was observed in RHEED confirming layer

by layer growth.

56



] I I | | | |
growth starts

— growth ends -

l

L 1 1 | L 1 1 | 1 | 1 | 1 | 1

0 200 400 600 800 1000 1200 1400 1600
Time (s)

Intensity(arb. units)

Figure 5.5: RHEED intensity oscillation for 10nm LFO-NbSTO film. Where each oscillation

corresponds to one unit cell of the material

RHEED intensity oscillation of 10nm thin film is shown in Figure 5.5. Each period of oscillation
corresponds to one unit cell. This is how we controlled the thickness of the film. We used XRD
reflectivity data to confirm the thickness predicted by RHEED, and they agree within the error

margin of one unit cell.

5.1.4 Application as a OER Catalyst

Perovskite ferrites with bandgap falling in visible light spectrum range have been investigated for
their potential applications in photovoltaics and optoelectronic devices [155-157]. LaFeOs is one
of the newest and least investigated candidates among perovskite ferrites. Based on the intrinsic
properties of LFO and available descriptors LFO is potentially a good candidate for OER
catalyst [8,33]. There are some literatures that report photocatalytic OER activity of LaFeOs3

and results are promising [35,158,159]. LFO intrinsic electronic structure can be tuned easily by
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doping or by making heterostructure. Moreover, the high abundance and low cost of these elements

makes it more relevant from the commercialization perspective.

5.1.5 Thickness dependent OER electrocatalysis of LaFeQOs thin films

5.1.5.1 MBE Synthesis and Thin Film Characterization

MBE synthesis was performed in an ultra-high vacuum system (Mantis Deposition, base
pressure = 5x10 Torr) to achieve high purity in the resulting samples. In situ RHEED analysis
was used to monitor the growth process. Commercially available (001)-oriented 0.7% Nb-doped
SrTiO3 (n-STO, MTI Crystal) 10 mm x 10 mm substrates were used. The small lattice mismatch
(-0.6%) and conductive nature of n-STO makes it ideal as a conductive substrate suitable for
catalysis measurements. Before loading into the growth chamber, n-STO substrates were sonicated
for 10 minutes in acetone (ACS grade, VWR) and isopropanol (ACS grade, VWR) and dried with
N2 gas (Airgas, 99.999%) to produce a clean surface. La (ESPI, 99.9%) and Fe (Sigma Aldrich,
99.98%) flux were supplied through individual high temperature effusion cells. The cell
temperatures for La and Fe were approximately 1550 °C and 1350 °C respectively. The oxygen
flow was set to 0.2 sccm (Airgas, 99.999%) during the entire growth and an RF plasma source
operated at 300 W was used to supply atomic oxygen. Pressure in the chamber during growth was
3x10°® Torr. The n-STO substrate was heated to 700 °C in oxygen plasma before growth to remove
hydrocarbons and recover a well-defined surface as observed by RHEED. A shuttered growth
process was employed to synthesize the samples at 700 °C.[160,161] By programming
individually controlled shutters, La and Fe fluxes were deposited alternately with a growth rate of
~80 seconds per unit cell. Samples were cooled in the presence of oxygen plasma until ~200 °C to

promote full oxidation of the LFO film.
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Epitaxially grown samples were then transferred to an appended X-ray photoelectron
spectroscopy chamber (PHI 5400, refurbished by RBD Instruments). The XPS system is attached
to the MBE system by a vacuum transfer line to preserve pristine surfaces for post-growth
characterization. A monochromatic Al K-alpha X-ray source was used for measurement. A low
energy electron flood gun (neutralizer) was used for charge compensation. All the XPS peaks were
adjusted by shifting the O 1s peak to 530 eV. [136] Following XPS, 10 mm x 10 mm n-STO/LFO
samples were diced into (4) 5 mm x 5 mm samples for electrocatalysis and microscopy
measurements. Post-growth high resolution X-ray diffraction (HRXRD) was performed using a
Rigaku SmartLab system with a Ge (220)x2 incident beam monochromator and hybrid pixel area

detector in 0D mode to obtain out-of-plane diffraction and X-ray reflectometry scans.

5.1.5.2 Scanning Transmission Electron Microscopy

Cross-sectional scanning transmission electron microscopy (STEM) samples were prepared
using a FEI Helios NanoLab DualBeam Ga" Focused Ion Beam (FIB) microscope with a standard
lift out procedure. STEM high-angle annular dark field (STEM-HAADF) images were collected
on a probe-corrected JEOL GrandARM-300F microscope operating at 300 kV, with a convergence
semi-angle of 29.7 mrad and a collection angle range of 75-515 mrad. STEM electron energy loss
spectroscopy (STEM-EELS) mapping was performed using a 0.25 eV ch™!' dispersion for fine
structure measurements, yielding an effective ~0.75 eV energy resolution, and using a 1 eV ch™!
dispersion with a 4x energy binning in the dispersive direction for composition maps. Data was

collected in the DualEELS mode to correct for energy drift and no denoising was applied.

5.1.5.3 OER Electrocatalysis
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n-STO/LFO (5 mm x 5 mm diced) samples were fabricated into electrodes using a rotating
disk glassy carbon electrode (GC, Pine Instruments). Indium gallium eutectic (InGa, Ted Pella
#495425) was used to form an electrical contact between the backside of the n-STO substrate and
the GC electrode. A ring of silver paint (Sigma Aldrich) was placed around the InGa eutectic to
serve as a binding agent between the n-STO substrate and the GC surface. Chemically inert epoxy
(Loctite D609) was then used to cover the edges of the n-STO substrate and GC electrode, leaving

only the LFO surface exposed to solution.

Cyclic voltammetry (CV) experiments were performed with a Pine WaveDriver 20 bipotentiostat
using a three-electrode setup. The working, reference, and counter electrodes for the
electrochemical setup were n-STO/LFO, Hg/HgO (0.1 M NaOH, Pine Instruments), and platinum
wire respectively. All measurements were performed under saturated Oz conditions in water (18
MQ, Millipore) with 0.1 M KOH electrolyte while rotating the working electrode at 2000 rpm to
remove bubbles from the surface. CV experiments were performed by sweeping the potential at
20mV s! from 0.80 to 2.23 V vs RHE for 25 cycles to equilibrate the electrode surface. The anodic
scan of the 25™ cycle was used for analysis of electrocatalytic performance. All potentials were iR

compensated by measuring the solution resistance before each measurement.

Electrochemical impedance spectroscopy (EIS) was performed at designated applied potentials
using a Gamry 1010E potentiostat with a 5 mV modulation voltage. The modulation frequency

was scanned from 0.1 Hz to 100 kHz.

5.1.5.4 Results and Discussion

The RHEED pattern for the 6 nm LFO sample after cooling to ambient temperature is shown in

Figure 5.6 (a). The sharp RHEED image taken along the [110] direction suggests the film is a
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single crystal with the perovskite structure. The absence of any modulation in the streaks in the
RHEED image indicates a smooth surface with roughness comparable to the original substrate.
Films show a c(2x1) surface reconstruction consistent with stoichiometric La-based perovskite
films [162]. In situ XPS analysis was performed to determine the valence state of Fe and the film
compositon. The Fe 2p XPS peak is shown in Figure 5.6 (b). The Fe 2p XPS region has two
separate peaks corresponding to 2pi»2 and 2p3»2 due to spin multiplet splitting. An additional
satellite peak close to the right shoulder of the 2p12 peak is an indication of the Fe*" valence
state [163], while for Fe** valence the satellite moves towards lower binding energies. Chemical
composition analysis was done by comparing the area ratio under La 4d and Fe 2p peaks and were
consistent with stoichiometric LFO. The LFO samples were also studied for film thickness and
crystallinity using HRXRD. Out-of-plane HRXRD data is shown in Figure 5.6 (c). and shows
single phase films with peaks consistent with epitaxial films oriented along the [001] pseudocubic
direction. All films exhibit a primary diffraction peak consistent with an out-of-plane lattice
constant of ~3.93 A, though precise determination is challenging for the thinnest samples. Presence

of thickness fringes alongside the main peak is indication of high crystallinity.
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Figure 5.6: a) RHEED pattern of a 6 nm LFO thin film sample along the [110] of the n-STO
substrate. (b) Fe 2p XPS region for 6 nm LFO. The satellite on the right side of the of Fe 2pi2is a
signature of the Fe** valence state. (c) Out of plane HRXRD for n-STO/LFO samples of different

thicknesses.

Figure 5.7 shows CV data collected for LFO films of different thickness. These data were obtained

following 25 cycles of the potential range (0.80 - 2.23 V vs RHE). The catalytic current density
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observed at 1.6 V vs RHE (noer = 0.37 V) increased from 0.8 uA cm™ for 2 nm LFO to a maximum

of 55.6 nA cm for 6 nm and then decreased to 2.7 pA cm™ for 10 nm (Figure in inset).
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Figure 5.7: Anodic scans obtained from CV for n-STO/LFO films of different thickness. Data
collected in O2 saturated 0.1 M KOH aqueous electrolyte at 20 mV s-1 scan rate and 2000 rpm

rotation. (Inset) Current density measured at 1.6 V vs RHE as a function of LFO thickness.

In order to gain further understanding of the LFO thickness dependence, EIS was performed for

each electrode for a selection of applied potentials. Figure 5.8 (a)-(d) shows Nyquist and Bode-
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phase plots comparing 1.23, 1.63, and 2.23 V for 6 nm LFO where multiple features can be

observed.

8041.23v

201

0 S=Tiiie . T .
101 10° 10! 107 10° 10t 10°
Frequency /Hz
& 2nm 8nm ) 2'23 Vv ]

201 ¢

o T T
101 10° 10! 107 10° 10t 10°
Frequency /Hz
Rss
e)
) Riro
Qss
b) Qiro

Figure 5.8: a) Nyquist and b) Bode-phase plots for 6 nm LFO measured at 1.23, 1.63, and 2.23 V

vs RHE in 0.1 M KOH aqueous electrolyte (satd. O2). ¢) Nyquist and d) Bode-phase plots for 2,
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5, 6, 8, and 10 nm LFO films measured at 2.23 V vs RHE. e) Equivalent circuit used to fit

experimental data and generate overlaid lines.

Accurate modeling of the data was obtained with the equivalent circuit model shown in Figure 5.8
(e). In the circuit model to fit the EIS data liquid/liquid interface of the reference
electrode/electrolyte is represented by (Rref, Qref) and the solid/solid interface of n-STO/LFO by
(Rsto, Qsto) respectively. Similarly (Rrro, QLro) represents LFO/electrolyte interface and (Rss,

Qss) represents the surface states.

EIS experiments were also used to produce Mott-Schottky plots for determination of the flat band
potential (Em) at the LFO/electrolyte interface. For thicknesses of 5-10 nm, these plots revealed
negative slopes indicative of p-type behavior with an average Ep = 1.38 = 0.12 V vs RHE.
Interestingly, Ep was found to be -0.19 V vs RHE for 2 nm LFO and indicated n-type behavior

based on the positive slope.

Given the large VBO at the n-STO/LFO interface and implication of surface state driven catalysis,
questions arise regarding the structural and electronic variations throughout the depth of the LFO
films. To examine these properties, STEM imaging and STEM-EELS measurements were
performed on 6 nm samples with and without electrocatalysis experiments. Figure 5.9 shows
STEM high-angle annular dark-field (HAADF) imaging performed on these films for the pre-
electrocatalytic and post-electrocatalytic conditions to investigate atomic changes at the surface
induced by electrocatalysis. In this imaging mode, image intensity is proportional to atomic
number (Z!7), so the heaviest La atom columns are brightest, and contrast can be directly
interpreted to visualize film defects and potential mass loss at the sample surface. The as-grown
film quality for the pre-electrocatalysis sample is excellent, with a smooth surface and no extended
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defects. Intermixing over several unit cells is present between the strontium and lanthanum atoms
at the n-STO/LFO interface. Following electrocatalysis, we observed no substantial change in the
n-STO/LFO interface and very little change at the LFO surface with only 1-2 u.c. steps present
over large regions after treatment. Such small changes following exposure of the film surface to
alkaline conditions and subjecting them to applied potentials reflects the stability of the MBE films
during electrocatalysis. In addition, there is no evidence for a new phase in the treated sample,
which would manifest in an interruption in the uniform crystalline structure if it formed during

electrocatalysis.

Figure 5.9: (a-b) Comparison of cross-sectional, high-magnification STEM-HAADF images of
sample surface before and after treatment, respectively. Arrows indicate potential mass loss at the

surface.

We also performed STEM-EELS measurements to explore chemical changes after electrocatalytic
experiments described above. A comparison of composition maps of the before and after samples
is shown in Figure 45.10 (a) and Figure 5.10 (d), respectively. Both maps are similar, with mixing
on both the 4- and B-site sublattices over ~1 u.c. at the interface. High-resolution O K and Fe L23

edge spectra were collected from regions 1-3, corresponding to the interface, bulk, and surface of
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the samples, respectively. The O K edge shown in Figure 5.10(b) contains the expected three
features: a pre-peak (labeled a), main peak (labeled b), and secondary peak (labeled c¢), which
result from the hybridization of O 2p states with B-site 3d, La 5d, and B-site 4sp bands,
respectively. [164] The overall line shape is comparable to prior work in the literature, [165] with
a redistribution of the weight of peak ¢ to slightly higher energy loss moving from the surface
(region 3) to the interface (region 1). A similar line shape is observed in the sample after cycling,
as shown in Figure 5.10 (e); however, in this case, there is a more pronounced pre-peak feature
and shift of main peak b to lower energy loss near the interface. Importantly, while the line shape
varies only slightly throughout the untreated sample, it changes significantly near the surface of
the treated sample, with a merging of pre-peak and main peak features. This finding points to
possible electrocatalytically induced changes in the oxygen environment and agrees with the
microstructural changes observed in Figure 5.9. Furthermore, these changes may even be

responsible for OER catalysis based on the surface state model discussed for EIS data above.

Inspection of the Fe L2 3 edge (Figure 5.10 (c) and Figure 5.10 (f)) reveals the expected white-line
doublet, whose edge onset is a known indicator of a change in valence state. [166] Moving from
the surface to the interface, we observe a pronounced 1 eV shift of the L3 edge to lower energy
loss in both samples. This trend indicates clear reduction to a Fe?*-like valence, in agreement the
n-type Mott-Schottky behavior observed here for 2 nm LFO in addition to previous theoretical and
experimental results that indicate the LFO conduction band is nearly degenerate with that of n-

STO such that electrons will accumulate at the interface to reduce the Fe ions. [160,165,167]
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Figure 5.10: Cross-sectional STEM-ADF image, STEM-EELS composition maps, and extracted

spectra for the O K and Fe L2,3 edges from the numbered regions for the before (a-c) and after (d-

f) conditions. The extracted spectra were acquired from near the marked regions.

Considering all electrochemical and structural characterization presented here, we present an

approximate band diagram shown in Figure 5.11 to explain the thickness dependent OER

electrocatalysis. Comes and Chambers reported that LFO exhibits almost intrinsic character at the
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LFO/n-STO interface [168]. Here, we have used the same procedure for LFO growth as the Comes

and Chambers report and thus use their band alignment determination as a basis for our model.
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Figure 5.11: Band diagram for n-STO/LFO films immersed in aqueous electrolyte. Bandgaps of
3.2 and 2.2 eV were used for n-STO and LFO, respectively. Conversion from V vs RHE to eV was
obtained using the conversion factor 0 V vs RHE =4.5 eV.

Based on Figure 5.11, the thickness dependence for OER electrocatalysis with LFO can be
explained based on the large VBO at the n-STO/LFO interface and the intrinsic nature of LFO.
From previous literature, the VBO at the n-STO/LFO interface increases to a steady value of 2.0-
2.2 eV within the first ~2.5 nm of deposited LFO. This means that the LFO/electrolyte interface
for a 2 nm thick film displays more n-type character and results in poor catalysis. For LFO films
>2.5 nm, the surface states which drive catalysis, most likely oxygen defects based on STEM-
EELS results, are proximal to the n-STO/LFO interface and thus electrons have a higher
probability of being extracted during OER electrocatalysis. Given the intrinsic nature of the LFO
material and thus low concentration of free carriers in the valence band, this extraction likely relies
on activation of electrons from the valence band to a low density of mid-gap electronic states, often
called traps. This model represents a trap-state limited diffusion of charge through the LFO film
and has been used to explain charge transport in nanocrystalline wide band gap oxides such as

TiO2 [169-171]. As surface states are moved further from the »n-STO/LFO interface, the
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probability of extraction decreases, resulting in lower observed current. Within our proposed
circuit model, the Rrro term represents the activation of electrons from the valence band to mid-
gap states. Notably, this term was found to be the limiting factor in determining the overall
resistance at the LFO/electrolyte interface. This overall resistance can be taken as Rrro + Rss
where at the 2.23 V condition, RLro >> Rss for all LFO thicknesses. This indicates that overall
current is more likely limited by activation and transport of carriers than by catalysis at the oxide
surface. Consideration of bulk conductivity is thus a significant factor in the design of effective
electrocatalysts, regardless of surface chemical reactivity. Furthermore, these results show that
band engineering is critical for multilayer film catalysts. Future designs could be targeted to
produce greater bulk conductivities with a surface layer that is band engineered for optimal

catalytic performance.

5.1.5.5 Conclusions

In summary, we have examined the role that interfacial band alignment plays on OER
electrocatalysis in LaFeOs3 using a series of thin films grown on »n-SrTiO3 by molecular beam
epitaxy. We find that ultrathin films (~2 nm) are n-type due to the degeneracy of the STO and LFO
conduction bands at the interface. As the thickness increases, band bending yields intrinsic or
slightly p-type LFO with the Fermi level near mid-gap. For reasonably thin films this band
alignment produces favorable electrocatalytic performance, but catalysis rapidly degrades with
increasing thickness. Electrochemical impedance spectroscopy results indicate that catalysis is
mediated through surface defect states with a potential centered at 1.63 V vs RHE (~0.7 V above
the valence band edge). Furthermore, catalysis at the surface is found to not be the rate limiting
factor toward production of current, but rather current is limited by a Schottky barrier at the n-

STO/LFO interface coupled with slow electron transport in the bulk of the LFO film.
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5.2 Lanthanum Nickelate (LaNiO3)

5.2.1 Structural and Magnetic Properties

Lanthanum nickelate has a rthombohedral perovskite structure with space group R3c at room
temperature. Experimental lattice parameters of LNO are a=b=5.4573A and c=13.1462A [172].
The LNO unit cell is shown in Figure 5.12. A-site is occupied by La*" and B-site Ni*" are
octahedrally coordinated with oxygen. The NiOs octahedra is tilted with respect to its
corresponding pesudocubic structure and distortion due to octahedra tilting leads to rhombohedral

structure in ambient condition.

Figure 5.12 : Rhombohedral perovskite LaNiO3 unit cell.
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The Ni-O-Ni bond angle in pseudocubic structure is 180°, due to octahedra tilting, out-of-plane
Ni-O-Ni bond angle is approximately 165° in thombohedral structure [173]. The glazer notation
for NiOs octahedra tilting is a a a. LNO is only member of nickelates with rhombohedral
structure. Given the La-O and Ni-O bond lengths the tolerance factor of LNO (0.985) is close to
unity. Therefore, it is stable in rhombohedral structure, rest of the nickelates are

orthorhombic [173].

Ni ion is in 3+ valence state has an electron configuration 3d’(t2¢%e;') in low spin state and doesn’t
show Jahn-Teller distortion in ground state. This low spin configuration causes strong Ni-O-Ni
overlapping resulting in paramagnetic behavior [172]. Our DFT calculation also reveals that the
structure with paramagnetic phase is the most stable one. LNO thin films have been reported to

have antiferromagnetic order [174] but the bulk LNO is paramagnetic at all temperature.

5.2.2 Bulk and Surface Electronic Properties

LaNiO3 is metallic at room temperature. There are reports of metal-to-insulator transitions in
LaNiO3 thin films but the bulk LaNiO3 is metallic down to 1.5k and is the only member of
nickelate family that doesn’t undergo metal-to-insulator phase transition [172]. Ni 3d bands due
to the crystal field of octahedrally coordinated oxygen splits in 3-fold degenerate t2g and 2-fold

degenerate eg states.
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Figure 5.13 : Electronic band structure and projected density of states of rhombohedral LaNiO3

structure.

Our DFT calculations shows that LaNiO3 metallic as observed in the Figure 5.13. The conduction
band near the Fermi energy are formed of hybridized Ni 3d and O 2p orbitals. Strong correlation
of Ni 3d electrons and hybridization of Ni 3d-O 2p orbital impacts it’s electronic properties
significantly [175]. And unoccupied O 2p and Ni 3d eg state form the valence band near the Fermi
energy, which is consistent with available literature [176,177]. In the epitaxial thin films, strain
lifts the degeneracy of eg orbitals. The way available one electron fills the eg states leads to exotic

properties in LaNiO3 thin films [11,146,152].

5.2.3 Thin Film Synthesis
LaNiOs thin films are synthesized using MBE. We used two different substrates LaAlO3 (100) and

Nb:SrTiO3 (001). LNO (apc=3.838A) have better lattice match with LAO (apc=3.795A) than
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STO(apc=3.905A) so defect free peseudomorphic growth is more favored on LAO. But
experimental design for cyclic voltammetry and electrochemical impedance spectroscopy in our
lab requires conductive substrate, therefore all the characterization presented here are for LNO
thin films grown on 0.7% Nb doped STO substrates. La (ESPI, 99.9%) and Ni flux were supplied
through individual high temperature effusion cells. The cell temperatures for La and Fe were
approximately 1550 °C and 1350 °C respectively. The oxygen flow was set to 2.5 sccm (Airgas,
99.999%) during the entire growth and an RF plasma source operated at 300 W was used to supply
atomic oxygen. Pressure in the chamber during growth was 5x107° Torr. The n-STO substrate was

heated to 600 °C in oxygen plasma before growth to remove hydrocarbons and recover a well-

defined surface as observed by RHEED.

Intensity(arb. units)

85 80 75 70 65 60 55
Binding Energy(eV)

Figure 5.14 : RHEED images taken along (110) for a) Nb:STO (001) substrate, b) 3 nm thick
LNO thin film on Nb:STO (001), ¢) LAO (100) substrate d)6nm thick LNO thin film on LAO(100)
substrate e) Ni 3p XPS region for 3 nm LNO-NbSTO sample.

A shuttered growth process was employed to synthesize the samples at the same temperature (600

°C). The RHEED image of LNO thin film on STO and LAO is shown in Figure 5.14. LNO thin
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films on STO and LAO substrate are coherently strained and crystalizes in pseudocubic structure.
Due to the rhombohedral structure of LNO (011) plane is parallel to the (001) plane of STO, which
allows LNO to grow in pseudocubic structure. Sharp RHEED image indicates the high
crystallinity single crystal film. Ni is more stable in Ni** state than Ni**. Therefore, it is very
sensitive to growth temperature and oxygen pressure, which makes it more challenging to grow

stoichiometric LNO.

XPS analysis of the LNO thin films shows the Ni** and Ni** mixed valence state. Despite the mixed
valence state LNO thin film shows high crystallinity and smooth surface as characterized by sharp

RHEED pattern as shown in Figure 5.14.

5.2.4 LNO as an OER Catalyst

OER activity of the catalyst depends on several factors. In the case of 3d TMOs most significant
is d-orbital filling, more specifically eg filling. It has been reported that eg close to unity (~1.1)
maximizes the OER performance [8]. Number of egelectrons in LNO (eg=1) puts it in a spot with
highest catalytic activity among 3d TMOs. LNO shows strong hybridization of Ni 3d and O 2p
orbitals which is another characteristic required for higher catalytic activity. Thin films are often
strained due to lattice mismatch with the substrate. Strain in LNO lifts the degeneracy in eg states.
Available one electron either fills d,z or d,2_,2 orbital. It has been found that compressive strain
favors filling of out of plane d,2 orbital which lowers d-band center thereby lowering the charge
transfer gap between 3d and 2p orbitals [11,34]. Also, LNO can be doped, or electrons can be
transferred to 3d orbital by creating heterostructures to achieve optimal OER performance [13,84].
Therefore, the room for tuning catalytic performance of LNO, which already is the best OER

catalyst in its intrinsic form, makes it the best candidate for OER catalyst.
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CV measurement was performed on LaNiOs thin film and is shown in Figure 5.15. Catalytic
current density of 13pA/cm? (noer = 0.37 V) was measured for 3nm LNO film. Which is better
than the LFO thin films of comparable thicknesses. Further investigation is needed to explore if

there exist thickness dependance of OER catalysis as we discovered in the LFO thin films in our

previous work [51].
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Figure 5.15: CV measurement of 2nm LNO-NbSTO thin film.
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Chapter 6

Enhanced OER Activity in Strontium Doped LaFeO3 Thin films

6.1 First Principles Calculation
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Figure 6.1: Density of states for different level of Sr doping in LFO due to majority spin.
Corresponding crystal structures on the right, used for DFT simulations. Structures are exported

from VESTA [36].

First principles calculations were performed on LFO for different level of doping. 2x2x2
superlattice of pseudocubic structure was used for the electronic structure calculations. The in-
plane lattice parameter was constrained to match that of cubic STO and only out-of-plane lattice

parameter was allowed to relax for structure optimization calculation. Atomic positions and lattice

77



parameter from structure optimization was then used for electronic structure calculation. Different
level of Sr doped structure used for calculation is shown in Figure 6.1. Sr atom can occupy any La
lattice site. And there are La lattice site with different symmetry (face, corner and center).
Therefore, to check the effect of Sr atoms in a lattice site different symmetry, we performed the
electronic structure calculation using different symmetry of Sr atoms. Our calculations reveal that
different symmetry does not change the valence band conduction band in a region of ~1eV around

the Fermi level as shown in Figure S5.

Addition of Sr*" in A-site introduces holes into the lattice. From DOS of the bulk LFO, valence
band maximum consists of strongly hybridized Fe 3d majority spin states and O 2p states and the
composition doesn’t change significantly over a range of Sr doping level (x=0.125, 0.25, 0.375
and 0.5). PBE+U calculations indicate that Sr** introduced holes have mixed Fe 3d-O 2p character.
As reported by Ritzmann et.al these holes lie just above the Fermi energy and oxygen vacancy
formation is more favored in presence of Sr>*. Therefore holes have mostly O 2p character and are

delocalized over oxygen sublattice [178].

Table 6.1: Out of lattice parameter for different concentration of Sr2+ in 2x2x2 Sr doped LFO

superlattice.
X a=b(A) c(A)
0 7.809 7.877
0.125 7.809 7.855
0.25 7.809 7.809
0.375 7.809 7.774
0.5 7.809 7.732
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Another interesting trend was observed for lattice parameter. The cell volume (out-of-plane lattice
parameter) decreases with increased Sr** concentration even though the Sr>* have higher ionic

radii than La*>". The out of plane lattice parameter are shown in table 6.1.

As reported in several studies the decreased unit cell volume is indicative of increased Fe*"
concentration and structure of the unit cell is dominated by smaller ionic radii of Fe*" rather than
Sr** [179-183]. However, Ritzmann et al. found that the introduction of a hole in the oxygen
lattice results in a decrease in the magnetic moment of Fe, which shortens the Fe-O bond length
and lowers the unit cell volume [178]. Our DFT+U modelling agrees more with this model to

explain the decrease in unit cell volume with increased Sr** concentration.

6.2 Thin Film Synthesis

Sr-doped LFO (LSFO) thin films were synthesized using MBE. Commercially available 0.7% Nb
doped STO was used as a substrate. The atomic fluxes were obtained by heating source material
in the effusion cell. The effusion cell temperature for La, Fe and Sr were approximately 1550°C,
1350°C and 460°C respectively. Prior to growth, the substrate was heated in oxygen plasma to
700°C to remove any hydrocarbons or water molecules and to achieve a clean surface. Thin film
samples were synthesized with substrate at 700°C. Thin films were deposited in layer-by-layer
fashion and each atomic layer was doped to achieve uniform doping throughout the thin film
sample. The shuttered growth technique was used to deposit La, Sr and Fe sequentially. The
atomic flux and shuttering time were calibrated in such a way, that one shuttering cycle deposits
one unit cell, which allows precise control over thickness of the film. Sr flux was calibrated to
produce the same thickness as La in the same amount of time. This allows us to control the level

of doping by simply adjusting the shuttering time between La and Sr.
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The growth process was monitored using RHEED. RHEED images of the 15% and 20% Sr doped
sample is shown in Figure 6.2. Clear oscillations were observed in RHEED intensity, which was
used to control the thickness. Thicknesses were later confirmed by XRR measurements. XRR data
used to determine the thickness of the 15% LSFO is shown in Figure 6.6. The sharp RHHED
pattern and oscillation in the intensity confirms layer-by-layer growth and high crystallinity of the

thin film sample.

a) b)

Figure 6.2: RHEED images of LSFO thin films with a) 15% doping in A-site b) 20% doping in B-

site.
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6.3 XPS and XRD Analysis
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Figure 6.3: Fe 2p XPS region for LSFO thin films. The peak line shape doesn’t change significantly

to infer change in Fe*' concentration in two different level of Sr** substitution.

XPS measurements were performed in-situ using Al Ka line. Analysis of XPS data was performed
taking O1s peak as a reference BE and was set to 530eV.XPS region for Fe 2p shows two distinct
peaks due to spin orbit splitting. Both 2p12and 2p32 have a satellite peak and are approximately 8
eV apart from the main peak. These satellites are the confirmation of Fe’*
stoichiometry [139,184]. Strontium doping in A-site introduces holes into the lattice. Hole
introduced due to substitution of Sr** on A-site can transfer electron either from Fe or O lattice
site, which will either oxidize Fe*" to Fe*" or create a ligand hole on oxygen as in an O!" . Fe 2p
peak is complicated and requires very careful analysis as it contains contribution from spin
multiplets, satellites and different Fe valences, if they are present. The region marked with dotted

line and arrow in the Figure 6.3 is the BE range for Fe*". We did not observe any significant change
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in peak shape between 15% and 20% doped LSFO compared to undoped LFO. Even though results
from first principles calculation point towards the possibility of formation of Fe*", it is not evident
from XPS data. Therefore, XPS and PBE+U results collectively suggest that Sr doping mostly
results in formation of oxygen holes and not an Fe*" formal charge. This is consistent with the
reports of Abbate et al., where they found that for lower concentration of Sr2+ (x<0.5) holes have
mostly O 2p character and for higher concentration of Sr** (x>0.5) holes have Fe3d-O2p mixed

character [185].
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Figure 6.4: La 4d and Sr 3d XPS regions of LSFO thin films.

The Sr 3d and La 4d XPS region are shown in Figure 6.4. La 4d peak shows spin-orbit splitting

with two peaks approximately 5eV apart. Sr 3d peak also exhibits spin-orbit splitting and it is well
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resolved for x=0.2, which confirms the higher concentration of Sr in the sample, which results in

higher peak intensity.

High resolution XRD measurements were performed on these samples and are shown in Figure
6.5. The out of plane HRXRD data shows the two intense reflection peaks from STO (001) and
(002) crystal planes. The LFO peaks are on the left shoulder of main reflection peak from substrate

shows that the thin film is coherently strained to lattice match with the substrate.

i | | | x_o'z 'STO (002) 1
i STO (001)  %=0.15 1
| LFO(001),, LFO (002) l T
ot \ \ | _
g e ‘ -
2
2t i
%L _
=
-
PR S T N AT TN T TR T N TN T TN SN [N TR SR S | [N TN T T T AN TN NN ST T TR TR NN SR N SO T S
15 20 25 30 35 40 45 50 55

20(deg.)

Figure 6.5: HRXRD out-of-plane 20-w scans for (001) and 002) peaks of LSFO/Nb:STO thin films

The Kiessig fringes originated from the specular reflection from the LSFO film and Nb:STO
interface indicates high crystallinity of the film and well defined interface with the substrate. If
examined carefully, the reflection peaks for LSFO film are slightly shifted to the right for higher
Sr?* concentration. This indicates the smaller lattice parameter for higher Sr*" concentration, which

agrees with our DFT+U results.
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The surface roughness and thickness of the LSFO thin films were determined by fitting X-ray

reflectivity data as shown in Figure 6.6. The thickness of both the films estimated to be ~9 nm and

the surface roughness under a unit cell.
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Figure 6.6: XRR data and its fitting to obtain the thickness.

6.4 OER Catalysis

LSFO thin films samples were prepared as an electrode with the procedure mentioned in section
3.5. And anodic current was measured for applied potential. A CV plot is shown in the Figure 6.7
and the OER performance of LFO thin films of varying thicknesses is shown for reference. Both
LSFO thin films exhibit higher OER current compared to LFO thin film with similar thickness.

Increase in the Sr?* concentration decreases the overpotential and significantly improves the OER
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current. For x=0.15, 23puAcm™ was measured for 1.6 V vs. RHE (n=0.37). Similarly, 193uAcm™
was measured for 1.6 V vs. RHE (n=0.37) for x=0.2. Compared to LFO thin films this is significant

improvement in catalytic current.
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Figure 6.7: CV measurement on LSFO and 6nm LFO thin film samples.

6.5 Discussion and Conclusion

OER performance has been widely observed to improve due to hole doping, but the mechanisms
enhancing electrochemical activity are not unique. The DFT+U modelling of LSFO samples and
analysis of XPS and XRD data suggests that holes are delocalized in the oxygen lattice rather than
formation of Fe*' states. This is consistent with the reports that delocalization of holes in the
oxygen lattice dominates for small concentration of Sr** (x< 0.5) and increasing occupation of Fe

lattice site for higher concentration of Sr*>* [185,186]. More data with higher St** concentration is
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necessary to get a broader picture of the evolution of OER activity. Delocalization of holes at
oxygen lattice results in increased Fe-O covalency and easier hole transport [178]. Migration of
these holes through oxygen sublattice causes electron migration through Fe sublattice.
Furthermore, formation of O 2p holes decreases the charge transfer energy by shifting the Fermi
level closer to the valence band, making it easier for carrier to transfer between Fe 3d and O2p
bands and the electrolyte for catalysis [73]. Both the oxygen holes and formation of Fe*" contribute

to the enhancement of electrocatalysis of LSFO thin films.
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Chapter 7

Band-Engineered LaFeO3-LaNiO3 Thin Film Interfaces for Electrocatalysis of Water

Chapter taken from Paudel et al. Submitted for publication, available online via

https://arxiv.org/abs/2207.07264

7.1 Introduction

Interfaces in complex oxide thin film heterostructures are particularly interesting because of their
non-equilibrium electronic properties, which usually do not exist in the bulk or even in uniform
films. These unique properties emerge as a result of interfacial interactions, such as an offset in
the band alignment for occupied states accompanied by charge transfer across the
interface [57,58,154,187—-195]. The band gap of the materials [196], separation between O 2p and
metal 3d states [85], and film thickness [197] all play a significant role in charge transfer at the
interfaces and band alignment at the surface. Careful epitaxial growth by molecular beam epitaxy
or pulsed laser deposition enables control of these parameters individually and offers a route to the

rational development of new functional materials for applications in renewable energy systems.

Transition metal (TM) oxide thin films, heterostructures, and interfaces have emerged as ideal
model systems for understanding catalysis in energy conversion devices (electrochemical cells) by
splitting of water for oxygen evolution reaction (OER) and oxygen reduction reaction
(ORR) [6,198,199]. The available descriptors for high OER activity are based on the number of
TM 3d (eg) electrons [8], extent of O 2p-TM 3d hybridization and covalency of TM-O bond,
valence state of TM [12]. and oxygen binding energy at the surface [200,201]. These parameters

can be precisely tuned by doping on the perovskite A and B sites and creating interfaces and
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heterostructures [13,182,199,202-204]. Collectively, these effects control the alignment of TM 3d
electronic states relative to both the Fermi level and the OER reaction potential energy, which can

reduce overpotentials for electrocatalysis.

Among these oxides, LaNiO3 (LNO) and other perovskite nickelates have been reported to exhibit
excellent catalytic performance for OER [199,205]. Bak et al. have shown that perturbing NiOe
octahedra by electrochemical exchange of Fe on the LNO surface facilitates charge transfer and
improves OER activity [206]. Similar results have been demonstrated by doping Fe on the B-site
to generate partial electron transfer from Fe to Ni, leading to an Fe**® and Ni** formal charge [13].
These alloy La(Fe,Ni)Os materials exhibited greater electrocatalytic performance than either pure
LaFeOs (LFO) or LNO [13]. Partial oxidation of Fe*' results in stronger hybridization between
O 2p and Fe 3d orbitals, which increases OER activity of the perovskites owing to Fe higher
covalency [8,12]. By forming an interface of LNO with a suitable material that induces charge
transfer it may be possible to produce the same effect as extrinsic doping without any disorder
introduced by impurity atoms, which might further improve the OER activity of LNO.
Collectively, these results point to the importance of band engineering in heterostructures to boost
OER activity. LaFeOs (LFO) is itself a good candidate for OER catalysis, particularly when hole
doped [197,207], and given its electronic structure, LFO/LNO heterostructures might push
boundaries in OER performance through interfacial hole doping of LFO. However, the LFO/LNO

interface is noticeably lacking in exploration, both experimentally and theoretically.

In this work we characterize the enhanced catalytic performance of heterostructures formed with
LNO/LFO grown using molecular beam epitaxy (MBE). The band alignment at LFO/LNO

interface from first principles calculations using density functional theory (DFT). Taking the
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Zhong and Hansmann model for band alignment via continuity of the O 2p bands across an
interface as a basis [85], we discuss the alignment of oxygen center of mass for 2p states and
possible charge transfer. We also present experimental band alignment of epitaxial LFO/LNO
heterostructures using X-ray photoelectron spectroscopy (XPS). Using these band-engineered
heterostructures, we demonstrate how band alignment can be used to dramatically enhance the
catalytic performance of the LFO thin films by shifting the material from an intrinsic
semiconductor with the Fermi level mid-gap to a p-type material with the Fermi level near the
valence band band maximum. These LFO/LNO heterostructures show an increase in OER catalytic
reaction rate by two orders of magnitude via cyclic voltammetry measurements compared to LFO

films grown directly on n-doped SrTiOs [197].

7.2 Methods

7.2.1 DFT Calculations

Computational descriptions of these heterostructures were carried out on a LaFeO3/LaNiO3
superlattice comprised of 4 layers of each material with a V2x\2 in-plane configuration assuming
periodic boundary conditions in all directions. G-type antiferromagnetic polarization for
LFO [208] and no spin polarization in LNO were used to replicate the magnetic behavior of each
material at room temperature [172]. In-plane lattice constants were constrained to match the lattice
parameter of LFO, and equilibrium lattice parameters along out-of-plane directions and atomic
coordinates were obtained by relaxation of the superlattice. Projector augmented wave
(PAW) [209] pseudopotentials were used for the description of the atomic cores along with the
generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhorf (PBE) [89] for the
exchange-correlation functional. Calculations also included corrections based on the Hubbard

model [44] to improve the ground state description and correct the band gap of these highly
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correlated electron systems [88]. The Hubbard U parameters for Fe (Ure=2.84 V), Ni (Uni= 3.05
eV), and O (Uo= 6.34 eV) reproduced the experimental band gap in the bulk LFO and LNO as
previously reported in the literature [88] and were employed for heterostructure calculations.
Energy cut-offs were set to 80 and 600 Ry for wave functions and charge density, respectively.
The energy convergence threshold was set to 10°eV and integration over the superlattice Brillouin
zone was performed using an 8x8x1 Monkhorst-Pack k-grid [210]. Our first principles calculations

were performed using Quantum Espresso (QE) [90].

7.2.2 Synthesis and Characterization

We synthesized epitaxial thin film heterostructures using oxide molecular beam epitaxy (MBE,
Mantis Deposition). All samples were grown on 10 mm square 0.7% Nb-doped SrTiO3 (STO)
substrates (MTI Crystal) that served as a conductive bottom electrode for XPS and catalysis
experiments. STO has a cubic lattice parameter of 3.905 A while pseudocubic lattice parameters
of LFO and LNO, obtained from experimental data are 3.93 A [211] and 3.83 A[172],
respectively. This small lattice mismatch enables coherent growth of strained thin films. Before
loading the substrate into the growth chamber, substrates were cleaned by sonication in acetone

and iso-propyl alcohol and then dried with molecular nitrogen.

For LNO growth, the Nb:STO substrates were heated to 600 °C in oxygen plasma generated by a
300 W-RF plasma source (Mantis Deposition) and kept at the same temperature until completion
of the LNO layer. Immediately after completion of the LNO layer, the substrate was heated to 750
°C for the LFO growth. Metallic fluxes were obtained by heating elemental sources in effusion

cells to the evaporation or sublimation point. Elemental fluxes were calibrated using a quartz
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crystal microbalance (QCM). By controlling the individual shutters, LaO and NiO2/FeO: layers
were deposited alternately, as described previously [197,212]. The real-time growth was
monitored using reflection high energy electron diffraction (RHEED) from the film surface.
RHEED exhibited well-defined oscillations in the intensity during the entire growth, confirming
the layer-by-layer growth. The oxygen pressure in the chamber during LNO growth was ~5x107
Torr with the plasma activated to maximize oxidation of the LNO film. LFO was grown at ~6x10°
® Torr in plasma as well. After growth, the samples were cooled in oxygen plasma to room

temperature.

Chemical composition and electronic valence state of synthesized samples were established using
an appended XPS system (PHI 5400, refurbished by RBD Instruments) furnished with a
monochromatic Al Ko X-ray source. The absolute core level positions cannot be referenced to the
Fermi level of the system owing to a electron flood gun used to mitigate charging. Thus, XPS
analysis was performed by aligning O s peak to 530eV to provide a consistent reference for all
spectra. Band alignment measurements were performed via the Kraut method using the Fe 3p and
Ni 3p core level spectra, as described previously [141,154,213,214]. This analysis is not affected
by the electron flood gun as it depends on the relative energy separation of the two core level

spectra rather than the absolute binding energy as referenced to the Fermi level [214].

7.2.3 OER Electrocatalysis

To fabricate electrodes for catalytic studies, the samples were diced using a standard dicing saw
to Smmx5mm pieces. These n-STO/LNO/LFO MBE films were used as electrodes and connected
to a glassy carbon electrode (GC, Pine Instruments) as described in our previous work [197].

Gallium indium eutectic (InGa, Ted Pella #495425) forged electrical contact between the n-STO
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substrate and the GC working electrode. [215] Silver was used to bind the n-STO substrate to the
surface of the GC electrode. Chemically inert epoxy (Loctite, EA E-60HP) was then used to cover

any exposed silver paint and seal the edges of the n-STO substrate.

Cyclic voltammetry (CV) experiments were performed with a Pine WaveDriver 20 bipotentiostat
using a three-electrode setup. The working, reference, and counter electrodes for the
electrochemical setup were n-STO/LNO/LFO, Hg/HgO (0.1 M KOH, Pine Instruments), and
platinum coil respectively. All measurements were carried out under saturated Oz conditions in
water (18 MQ, Millipore) with 0.1 M KOH electrolyte (pH 12.7) while rotating the working
electrode at 2000 rpm to remove bubbles from the electrode surface. All potentials were converted
from Hg/HgO to RHE. CV experiments were performed by sweeping the potential at 20 mV s™!
from 0.83 to 2.23 V vs RHE for 25 cycles to equilibrate the electrode surface. The anodic trace of

the 25™ cycle was used for analysis of electrocatalytic performance for OER.

7.3 Results
7.3.1 DFT Analysis

We first employ first principles calculation to establish the band alignment and charge transfer
across the LFO/LNO interface and better understand how the heterostructures will function as
OER catalysts. Strain and bonding environment may alter the electronic properties significantly
between a bulk material and heterostructure, necessitating care to decouple interfacial effects from
the structural changes imposed by the superlattice [216]. The interface was modeled employing
LFO/LNO superlattice with 4 unit cell thickness for each material, as depicted in Figure 7.1(a).
The electronic structure of the interface is rationalized by projecting Bloch states onto localized

atomic orbitals in different layers of the superlattice. This decomposition shown in Figure 7.1(b)
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only contains contributions from Fe, Ni and O orbitals as Bloch states formed with La ones only
give small contributions in the vicinity of from Fermi level. The LFO bandgap in the
heterostructure is estimated to be ~ 2.2 eV, which is in close agreement with the 2.3 eV
experimental band gap reported previously [153,154]. Overall, features of the electronic structure
are also similar to those obtained in calculations of bulk LFO and LNO presented in Figure S1 and
S2 of the supplemental material. For instance, the bands crossing the Fermi level within the LNO
layers are strongly hybridized Ni eg and O 2p orbital bringing metallic character to the
heterostructure. Occupied Fe egstates form the top of the valence band within the LFO layers and
unoccupied tzg states are ~2.2 eV above the LFO valence band maximum, which is consistent with
the bulk properties. The LFO valence band maximum is formed of hybridized O 2p and occupied

Fe’" e states and lies ~0.2 eV below the Fermi level (Figure S3).

In general, quantitative prediction of band offsets at complex oxide interfaces using computational
methods is challenging due to exhibit electron correlations, various magnetic states and symmetry
considerations [217]. Nonetheless, results could be anticipated from the bulk calculations
following the approach by Zhong and Hansmann [85] based on the equilibration of oxygen states

yielding the energy continuity of O 2p band center across the interface.

In these heterostructures, p-doping of the semiconductor is expected to be emerge as in bulk the O
2p-band center of LNO and LFO reside at approximately 2.20 eV and 2.82 eV below the Fermi
level, respectively. Once the interface is formed, O 2p-band centers obtained from orbital
projections on different layers tend to align, as shown in Figure 7.1(b) and listed in Table 7.1. For
each material we observe small differences in the calculated O 2p band centers likely attributable

to local octahedral tilting and spin configuration variations across the interface that break the
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symmetry of the structure. The O 2p center difference for the NiO2 planes in LNO reside nearly
0.15 eV above those of FeO2 in LFO. Moreover, results from DFT calculations show that the
valence band offset (VBO) of ~ 0.2 eV across the LNO layers, resulting in the nondegenerate p-
doping of the LNO. From this offset, we estimated a hole density in the LNO to be 6.02x10'® cm’
3induced from the charge transfer Further analysis for the electronic band structure, we calculated
the effective mass of LNO holes of approximately 0.61m. (Figure S4). Details can be found in

supporting information and hole densities are presented in table S1.

However, a change in the VBO of +0.1 eV—roughly the experimental uncertainty for XPS
measurements—produces a change in hole density of more than one order of magnitude in either
direction. Clearly, the hole concentrations on the Fe ions are highly sensitive to the VBO between

LFO and LNO.

Thus we conclude that no charge transfer is to be expected in the system but that the valence band
maximum of an LFO film grown on top of LNO should be close to the Fermi level and lead to
charge transfer of holes in the material, which may enhance catalytic performance compared to
intrinsic and n-type LFO films when they are grown directly on Nb:STO in our previous

work [197].
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Figure 7.1: a) LFO/LNO superlattice model used for DFT band alignment predictions; b) Orbital
projected density of states projected onto different FeO2 and NiO2 layers. Black dashed line is

fermi energy and green dashed line represents O 2p center of mass

Table 7.1: Oxygen 2p center in different LaO, FeO2 and NiO2 layers. Layer-1 being closest to the

interface. Energy values are in eV.

Ep(FeO2) Ep(LaO)Lro | Ep(LaO)no | Ep(NiO2)

Interface 1 | -2.47 -2.40 -2.48 -2.45

95



Internal 1 -2.43 -2.31 -2.27 -2.25

Internal 2 | -2.39 -2.29 -2.22 -2.27

Interface 2 | -2.34 -2.22 -2.22 -2.30

7.3.2 Experimental Band Alignment Studies

To test the theoretical results determined from DFT, a series of films grown via MBE were
measured using in situ XPS [141,213]. This method is based on constant binding energy difference
between a chosen core level and the valence band maximum (VBM) of a material. Kraut et. al.
originally used gaussian broadened theoretical valence band density of states (VBDOS) to fit the
experimental valence band data to determine the VBM [140]. In ternary complex oxides, accurate
theoretical calculation of VBDOS is complicated and computationally expensive [85]. Chambers
et. al used the extrapolation of the linear part of leading valence band edge to zero level background

estimate the VBM, offering a rather simple but yet sufficiently accurate estimate [142].

Initial LFO and LNO films were grown separately and used as references for determination of the
energy difference between core levels and the valence band maximum in each material. These
results are shown in Figure 7.2. The LFO and LNO valence bands extracted from XPS are shown
in Figure 7.2(a-b) and determination of VBM by extrapolating the linear region of leading valence
band edge is shown in the inset. Linear extrapolation method yields VBM of LFO at -0.2 eV and
the VBM value for LNO is -1.1eV. Note that due to the use of the electron flood gun and alignment

of the O 1s peak to 530 eV, binding energies are not measured relative to the Fermi level.
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Figure 7.2: Valence band XPS spectra of a) 6nm thick LFO sample b) 3nm LNO sample and fitting
of valence band leading edge using linear extrapolation method c¢) Fe 3p XPS region of LFO

sample d) Ni 3p XPS region for LNO sample.
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Figure 7.3: RHEED images of a) Nb:STO substrate b) 4 unit cell LNO-NbSTO c¢) LFO-LNO-
NbSTO with 2 unit cell LFO d)Fe 3p XPS region of LFO-LNO sample-1 e) Ni 3p XPS region of

LFO-LNO sample-1

The valence band offset is calculated as AE, = (Ec, — Ev)ino — (EcL — Ev) Lro — (EéVLl v _

EFe 3p

e )iro/no’ where Ecr is the chosen core level energy and Ev is the position of valence band

maximum. Core level and VBM BE difference is measured in LFO and LNO thin films, and the
core levels energy difference is measured in the heterostructure. The individual LFO (~6nm) and
LNO (~3nm) thin films used to determine the core level and VBM energy difference for band
offset measurement. The Fe 3p and Ni 3p XPS regions are shown in Figures 7.3(c) and 7.3(d).
Deconvolution of Fe 3p regions shows that there is an additional satellite peak along with 3p12and
3p32. Fe 3ps2 was chosen as a core level in LFO. Similarly, deconvolution of Ni 3p reveals

multiple peaks that must be deconvoluted under a consistent standard for analysis across
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samples [218]. The lowest Ni 3p3.2 feature (shaded region in red) was chosen as the LNO core
level for EcL™°. In order to maintain consistency in the analysis, full width at half maximum, area
ratio, energy difference between various valence and spin multiplet peaks were constrained to be
the same for all measurements. The core level binding energies, VBM and VBO are presented in
the Table 6.2. The VBO for all three heterostructure samples are consistent with value of ~0.3eV,
in close agreement with the VBO estimates from first principles calculation considering the

experimental error bars.

Table 7.2: Core level, VBM and band offset of LFO, LNO and LFO/LNO samples. The thickness
of heterostructure samples: LFO/LNO-1 is 2uc/3uc, LFO/LNO-2 is 4uc/3uc and LFO/LNO-3 is

4uc/4uc. The energy values presented in the table are in eV.

sample Ni3p3/2 Fe 3p3/2 VBM AEvy
LFO - 54.17 -0.2

LNO 66.02 - -1.1

LFO/LNO-1 66.37 53.90 -0.65 0.28(0.1)
LFO/LNO-2 66.33 53.91 -0.70 0.32(0.1)
LFO/LNO-3 66.48 54.07 -0.70 0.33(0.1)

7.3.3 Electrocatalysis

Interfacial band engineering with epitaxial films can have a significant impact on emergent
optoelectronic properties. To exhibit this impact, we studied the electrocatalysis of the oxygen
evolution reaction (OER) using the same epitaxial LFO/LNO thin films described above. Films

were converted into electrodes through back contact with a commercial glassy carbon disk and
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assembled into a rotating-disk shaft electrode. Figure 7.4 shows the anodic scan for cyclic
voltammetry data collected for each film at a scan rate of 20 mV s while spinning the disk
electrode at 2000 rpm to prevent bubble formation. Each voltammogram was collected following
25 continuous scans over the potential range 0.83 - 2.23 V vs RHE at 20 mV s’ The catalytic

current densities observed at 1.73 V vs RHE (nokr = 500 mV) were found to be 26 pA cm™ for

LFO/LNO-1 and 52 pA cm™ for LFO/LNO-3. The slightly larger current observed for LFO/LNO-
3 may be due to the difference in thickness of the LFO layer. By comparison, the much smaller
current density 0.2 uA cm?in a 5 u.c. LFO film (~2 nm) directly deposited on an n-STO substrate
(i.e. without an intermediate LNO layer) was recently reported by our groups [197]. This data is

reprinted in Figure 7.4 for direct comparison with the present LFO/LNO films.

Noer /' V
-0.2 0.0 0.2 04 0.6 0.8 1.0
4000 L 1 1 1 1
— LFO/LNO-3
3500 4 — LFO/LNO-1
—LFO/M-STO
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Figure 7.4: Anodic scans obtained from CV for LFO/LNO/n-STO films of different LFO and LNO

thickness. Data collected in Oz saturated 0.1 M pH 12.7 KOH aqueous electrolyte at 20 mV s!
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scan rate and 2000 rpm rotation. (Inset) Current density measured for 2 nm thick LFO film. The 2

nm LFO/n-STO data was taken from Burton et al.

7.4 Discussion

The ~130-fold increase in catalysis observed for the LFO/LNO films compared to LFO alone is
remarkable. We attribute this result to the interfacial hole doping due to the smaller VBO observed
for the LFO/LNO interface (0.28-0.33 eV) than the LFO/STO interface reported previously (2.2
eV). The approximate band alignment diagram based on our experimental and theoretical
determination of VBO based on our previous work [197] is summarized in Figure 7.5. Electrons
transferred from LFO leave behind holes which move towards the surface (electrolyte-LFO
interface) and contribute to water oxidation in the same fashion as holes produced by dopants in,
for example, (La,Sr)FeOs [207]. The hole effective mass is 0.61me, which makes the
transportation of these holes in external electric field easier. Thus, creation of holes at the

LFO/LNO interface will increase the surface oxidation kinetics, resulting in higher OER activity.
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Figure 7.5: Experimental band alignment at STO/LNO/LFO interface b) Theoretical band
alignment at LNO/LFO interface. Dashed line(magenta) at -2.47eV represents the O 2p band

center at interfacial FeO2 and NiO2 layers.

We see that the VBM in LFO/LNO moves much closer to the OER activation energy (1.23V vs
RHE) compared to the LFO/n-STO interface, reducing the overpotential significantly [197].
Moreover, during OER catalysis, electrons must travel from solution, through the valence band of
LFO, and into the valence (conduction) band of LNO (n-STO). The band offset at the LFO/LNO(n-
STO) interface thus represents an uphill barrier for charge transfer. The insertion of LNO between

STO and LFO thus decreases this barrier significantly and results in greater electrocatalysis.

It is also noteworthy that we do not see evidence of significant formation of Fe*" formal charge
states in our heterostructures based on either the DFT predictions or the XPS analysis of the
interfaces. Previous analysis by Wang et al. of alloy La(Fe,Ni)Os thin films had showed evidence
of Fe*" and Ni*" formal charges in some samples with strongly enhanced electrocatalytic

performance [13]. DFT models of these alloys also predicted formation of Fe*? formal charge
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states at low Fe concentrations (12.5%) but did not use Hubbard U parameters to reproduce the
experimental band gap of pure LFO [13]. While we do predict favorable hole transfer into LFO
due to the small valence band offset between LNO and LFO, our estimates allude that these hole
densities would be insufficient to yield Fe* formal charge found in those alloys. Further studies
of LFO/LNO heterostructures using electron microscopy and X-ray absorption spectroscopy could

help to address these open questions.

7.5 Conclusions

We have investigated the electronic structure of the epitaxial LFO/LNO interface theoretically and
experimentally and related these insights to the strong OER activity of these heterostructures.
Theoretical predictions indicate that the LFO VBM should lie ~0.2 eV below the Fermi level when
pinned by an interface with LNO in good agreement with experimental measurements on MBE-
grown thin films. We find that the OER activity of the heterostructure is much higher (~130 times)
when compared with the LFO and LNO thin films of same thicknesses. The small VBO offers low
energy barriers for charge carriers and promotes charge transfer from LFO valence band to LNO.
This minimal charge transfer results in partial oxidation of Fe** and partial reduction of Ni**, which
enhances OER activity with respect to LFO/n-STO interface. Thus, our study highlights the

importance of band engineering in developing a highly efficient OER catalyst.
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Chapter 8

Conclusions and Future work

8.1 Conclusions

This dissertation is focused on two different topics. First, synthesis of perovskite TMO thin films
using plasma assisted molecular beam epitaxy and tuning their electronic properties via thickness
variation, cation substitution, and creating thin film heterostructures. Second, electrochemical
characterization of these structures to understand the effect of these changes in the electronic
structure on their OER catalytic performance. Electrochemical measurements in this dissertation

are the result of our collaborative work with the Auburn Department of Chemistry.

Synthesizing high quality single crystal perovskite TMO thin films is a challenging task. By
optimizing the interplay between oxygen pressure and substrate temperature, ideal crystallinity
and stoichiometry in thin films can be achieved. We show how the shuttered growth technique is
ideal for synthesis of layered perovskite oxides. Employing a shuttered growth technique offers
additional controllable parameter to thin film synthesis. By calibrating atomic flux and shuttering
time, layer-by-layer growth can be achieved, which allows us to precisely control thickness of the
thin films. Post-growth annealing in oxygen plasma during cooldown was particularly useful to
adequately oxidize TMO thin films to produce defect free samples. In sitru RHEED, in vacuo XPS
along with XRD serve as a valuable tool to study the surface, interface, and bulk of the thin films

and heterostructures.

Film thickness offers an additional controllable parameter to tune the electronic properties in thin

films. Just by varying thickness metal-to-insulator phase transition, ferromagnetic to
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antiferromagnetic phases have been discovered in TMO thin films [47,48,50]. The change in
thickness of the LFO thin films affects the electronic behavior. We observed n-type behavior in
thin films with thicknesses below 2.5nm, whereas thicker films exhibited intrinsic behavior as in
the bulk. The effect of thickness variation was significant in the OER activity. The volcano like
trend was observed in OER activity with different film thicknesses. The thinner films being n-type
exhibited poor OER catalytic performance due to large valence band offset at LFO/STO interface.
OER property in thin films thicker than 2.5 is influenced by the intrinsic nature of LFO and surface

states. Therefore, 6nm thickness being the most active OER catalyst.

Heterostructure interfaces are critical in designing new material properties. Octahedral coupling
increases the hybridization between O 2p and TM 3d orbitals leading to new properties [219].
Novel properties emerge as a result of interfacial charge transfer due to band alignment at the
interface [84,85,191]. It is possible to devise a new electronic state by suitable band engineering
in oxide heterostructures. The LFO/LNO heterostructure was a novel work that resulted from our
efforts to create an efficient OER catalyst. Due to band alignment at the LFO/LNO interface, there
is a small valence band offset (~0.2-0.3 eV) at the interface. First principles DFT+U calculations
were performed to determine the valence band offset at the LFO/LNO interface and determined to
be ~0.2 eV. The valence band offset was determined experimentally from XPS data, which was
~0.3 eV. Considering the error bar of 0.1 eV in experimental results, theoretical and experimental
valence band offset agrees well. This is a very encouraging result. Furthermore, we found a
significant increase in OER activity and a decrease in overpotential in the heterostructure. We
estimated the thermally created hole density to be of the order of 10! cm™ assuming a band offset
of 0.2 eV. Even though the density of holes is not significant as a charge carrier, surface holes act

as active sites for oxidation resulting in higher oxidation kinetics. We conclude that the increased

105



OER performance is the consequence of small valence band offset and thermally generated surface

holes.

Cation substitution is a way to increase the carrier concentration in thin films. The substitution of
Sr**in the A-site increases the hole concentration in LFO. The added holes have significant impact
on catalytic property of LFO thin films. Our result shows that the added holes mostly reside in
oxygen lattice creating an oxygen hole. Some of the holes spill over to the surface which are the
active site for oxidation of water molecules. Therefore, the surface oxygen holes enhance the
oxidation kinetics leading to a higher oxidation current. The effect of Sr*" substitution was more
dramatic than other methods explained previously. More investigation is necessary to establish a

correlation between OER activity and the Sr** substitution level.

8.2 Future Work

This work provides an insight in exploiting the electronic structure to optimize the OER
performance. Also, it leaves us with clear future directions to explore to optimize the OER
performance of LFO thin films. Even though Sr*>* substitution in A-site has been investigated quite
a lot, it would be worthwhile to study LFO thin films with wide range of Sr>* concentration to fully
understand the OER performance for different level of Sr** substitution. The combination of

optimal LFO thickness and optimal level of Sr*" substitution is another interesting area to explore.

The small valence band offset at LFO/LNO heterostructure highlights the importance of
heterostructure and opens the door for further research. XAS measurement could be performed to
measure the TM 3d - O2p hybridization in heterostructure samples. One immediate area of study
could be the thickness variation of LFO and LNO in the heterostructure. One step further,
investigation of LFO capped LSFO samples could yield interesting results. We know LFO
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provides stability and band alignment at LFO/LSFO is yet to be explored. These are some of the

research areas that could be explored to design an efficient OER catalyst.
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Figure S 1: Orthorhombic crystal structure of LFO b) Rhombohedral crystal structure of LNO.
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LaFeOs has orthorhombic perovskite crystal structure at room temperature with antiferromagnetic
phase. And LNO is a rhombohedral perovskite with no magnetic phase at room temperature. Both

the structures are shown in Figure S1.
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Figure S 2: Electronic band structure and density of states of LaNiO3, b) Electronic band structure
and density of states of LaFeO3, contributions from both majority and minority spins, projected

on various atoms and atomic orbitals.

To test the ability of our DFT model of these materials to replicate the available experimental
results in the literature and further understand the electronic properties of LFO and LNO we
performed first principles calculation on the bulk. Electronic bands and DOS are presented in the
Figure S2. LFO at room temperature has G-type antiferromagnetic phase with orthorhombic
crystal structure. Occupied eg states of Fe3+ lie in the valence band and unoccupied t2g forms the
state close to the Fermi level in conduction band. Spin polarized DFT+U calculation estimates the

bandgap ~2.2eV, which is in close agreement with experimental band gap of 2.3eV [153]

LNO, on the other hand is a rhombohedral paramagnetic metal at room temperature. The bands
near the fermi level are strongly hybridized Ni 3d and O2p orbitals, which is responsible for

metallicity of LNO. Ni3+ t2g states which are almost completely filled, forms the valence band
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and partially occupied eg states cross the fermi level forming metallic band. This is consistent with

experimentally observed electronic structure of LNO

In order to find out the electronic bands forming VBM in LFO/LNO superlattice we projected the
contribution from various atoms and atomic orbitals onto electronic bands. Figure S3 shows the
projected bands. Our calculation confirms the band offset estimated from the density of states
which is ~0.2 eV. Fe 3d and O 2p orbitals form the VBM in LFO/LNO superlattice. This is
consistent with our argument that electrons are transferred to conduction band (mostly Ni 3d

bands) from valence band in the LFO.

Figure S 3: Electronic band structure of LFO/LNO superlattice projected onto different atomic
layers based on the contribution from different atomic orbitals. Size of the circles are proportional

to the weight of orbital contribution.
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Figure S 4: Parabolic fit to the electronic bands of LFO/LNO superlattice forming VBM to
calculate the hole effective mass at the along (100) and (010) directions.

The energy of the electron for given k value is

2K2

2m

E(k) =E, +

And effective mass of electrons of holes in the energy band is calculated from second derivative

of the E versus k curve as,

1 1 0%E (k)
m*_ﬁ( 0k?2 )

Considering the symmetric nature of the electronic bands we calculated the effective mass of hole
along S-Y-I' k-path. We considered the energy range of S5K5T to fit the quadratic function. The
parabolic fit to the bands forming VBM is shown in Figure S4. We estimated the effective mass

of holes to be 0.6me.
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From the information about density of states, position of Fermi energy and valence band maximum

we can calculate the number of thermally generated holes at temperature T as,

Ey

Fo = gu(E)[1~ fr(E)]AE

1
Where, 11— fz(E) = E—F
1+ exp(-£=—)
kT
For (Er-Ev)>>£T,
—(Er — E)

1 - fg(E) = exp| {

kT

Po

And density of holes is calculated as, n = ——————
unit cell Volume

We estimated the charge transfer from our DFT results for bulk LFO. We used the LFO DOS data
from the bulk and used the position of VBM relative to Fermi energy from LFO/LNO superlattice.
We estimated hole density for a range of VBM positions relative to Fermi energy and are presented

in the table S1.

Table S0.1: Density of holes on valence band for different band offset values

Band Offset(eV) Hole density(cm™)
0.0 1.36x10%°
0.1 2.86x1018
0.2 6.02x101°
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Figure S 5: Density of states for different symmetry of Sr** substitution for x=0.25. a) in corner

and face of the cubic unit cell b) in corner and center of the cube ¢) in corner and edge of the cube
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