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Abstract 

Perovskite oxides are well known for their intriguing properties such as ferroelectricity, 

ferromagnetism, and superconductivity that can be tuned by different crystalline degrees of 

freedom. SrTiO3 (STO) is a perovskite oxide with simple cubic structure which is compared to the 

silicon in the semiconductor field because of its suitable lattice parameter for widespread use as a 

substrate in thin-film perovskite oxide growth. In an STO-based system, photocatalytic capabilities 

are discovered in addition to the discovery of a quasi two-dimensional electron gas (2DEG). 

Previous work has shown that STO surface properties determine its applicability for catalytic and 

interfacial behavior. SrNbO3 (SNO) is another interesting cubic perovskite oxide with lattice 

parameter of 4.0 Å is known for its strong electron donor capability and photocatalytic behavior. 

Recent reports on the strain-induced breaking of cubic symmetry of SNO producing large 

mobilities and large magnetoresistance and mobility in SNO/STO interface open the opportunity 

for SNO as a topological and quantum material. However, SNO synthesis is challenging due to 

the metastable nature of the d1 Nb4+ cation and the limitations in the delivery of refractory niobium. 

This work focuses on the synthesis of SNO thin films by hybrid molecular beam epitaxy (hMBE) 

to address the growth challenges and application in high mobility 2DEGs. 

A thin-film deposition technique, hMBE, in which transition metal cations are delivered using a 

metal-organic precursor, has emerged as the state-of-the-art approach to the synthesis of 

electronic-grade complex oxide films with a stoichiometric growth window. High-quality epitaxial 

STO and SNO thin films were grown on multiple substrates by hMBE approach.  To address 

numerous unanswered questions regarding the chemical mechanisms of the growth process and 
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the surface properties of the resulting films, STO thin films were prepared on annealed STO and 

Nb-doped STO substrates by hMBE. While synthesizing STO thin film, a titanium 

tetraisopropoxide (TTIP) precursor used for Ti delivery and an elemental Sr source with varying 

TTIP:Sr flux ratios to examine the conditions for the reported stoichiometric growth window. This 

work demonstrates the growth of SNO thin films by hMBE for the first time using a 

tris(diethalamido)(tert-butylimido) niobium precursor for niobium. An elemental Sr source is used 

for supplying strontium and the synthesis is carried out on GdScO3 and as prepared BaSnO3 (BSO) 

films on Nb-doped STO substrates. To examine the preservation of the Nb 4d1 metastable charge 

state in atmospheric conditions, an insulating SrHfO3 capping layer was deposited on top of SNO 

films. Furthermore, the charge transfer mechanism in the SNO/BSO interface is investigated by 

first-principles density functional theory and angle-resolved X-ray photoelectron spectroscopy to 

shed light on the possibility of high mobility 2DEG.
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Chapter 1 

Introduction 

1.1 Perovskite Oxides 

Oxides are ubiquitous, with uses in a wide range of hand-held electronic devices, such as display 

screens and transistor gate dielectrics. Oxides have a unique set of physical features that suit 

themselves to electronic applications. These oxides are usually binary, ternary or quaternary. 

Silicon dioxide (SiO2) in field-effect devices [1] and indium-tin-oxide (Sn:In2O3) as transparent 

conductors [2] are two of the most often utilized binary oxides. Perovskite oxides, among other 

oxides, have attracted curiosity due to their diverse characteristics and wide applications. 

Perovskite oxides have a general chemical formula of ABO3. In this structure, A-site cations are 

at corners of the cubic unit cell and the B-site cation is at the body center forming octahedra with 

six face-centered oxygens, as shown in Figure 1.1. In perovskite oxides, A-site cations can be 

alkali metals (1+ charge), alkaline earth metals (2+ charge), rare earth elements (3+ charge), or 

lanthanides (3+ charge) while B-site cations are usually transition metals or p- block elements such 

as Al, Sn. These combinations of A-site and B-site cations with oxygen cover almost 70% of the 

periodic table, making perovskite oxides a large material family [3]. Depending upon A-site cation, 

B-site cation could possess oxidation state +5 to +3.  Due to its simplicity in structure and ease of 

analysis, the cubic lattice is one of the most widely used perovskite structures to study this material 

family. Because many perovskite oxides are chemically and structurally compatible, they can be 
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used to tailor electronic, magnetic, and optical properties in thin films in ways that are not possible 

in traditional semiconductors.  

 

Figure 1.1: Ideal cubic perovskite oxide unit cell structure 

Perovskite materials have a wide range of structures and compositions, and they exhibit a wide 

range of unique properties that have attracted significant interest in many applied and fundamental 

fields of material science. The Goldschmidt's tolerance factor (t) [4] ranges from 0.8 to 1.1 for the 

perovskite oxide structure to be stable which is related to the ionic radii of A-site cation (rA), B-

site cation (rB), and oxygen anion (rO) in the structure as,  
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                                                                      𝑡 =
𝑟𝐴+𝑟𝑂

√2(𝑟𝐵+𝑟𝑂)
 .  

This large range of permissible tolerance factors that hold the atomic arrangement together 

suggests that the BO6 octahedra can withstand a huge strain. The highest symmetry structure is 

cubic which has t close to 1.0 [5] though only a small number of perovskites have perfect cubic 

symmetry. If 0.9 < t < 1.0 is true, the structure is normally cubic, which means there is no structural 

deformation. If 0.7 < t < 0.9, the A-site cation is too small to cover the interstitial site, causing the 

perovskite structure to deform and have a lower symmetry group like orthorhombic or 

rhombohedral. If t is further lower than 0.7, the perovskite structure is no longer stable, and 

different crystal structures based on the stoichiometry of the compounds begin to develop. As the 

symmetry lowers another structure appears due to octahedra tilting, distortion, or both. This 

coupling between structure and ionic size also shows that crystal symmetry of perovskites can be 

manipulated by doping the A- or B-site with different cations. 

1.2 Crystal Degrees of Freedom 

Perovskite oxides are well known for their large varieties of properties such as ferromagnetism, 

ferroelectricity, and superconductivity. Structural deformation along with various degrees of 

freedom can be used to tailor these properties of a perovskite oxide. 

1.2.1 d- Orbital Splitting 

Many members of the perovskite oxide class are transition metal oxides (TMOs), which have 

transition metals occupying the B-site. The electrons in the d-orbitals control much of the physical 

and electronic features of TMOs. Hence, the electronic configuration of B-site cation is another 
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factor that affects the structural distortions in TMOs. Especially, TMOs with odd electron 

occupancy in d-orbitals are of great importance to observe this fine structural distortion. A crystal 

field created by oxygen octahedra removes the five-fold degeneracy of d-orbitals into doubly 

degenerate and triply degenerate groups. The doubly degenerate sub-group with higher energy is 

known as eg orbitals, whereas the triply degenerate sub-group is known as t2g orbitals [6]. 

However, the filling of electrons in these orbitals is not simple due to the role played by electron 

spin. A competition between the crystal field splitting parameter (Δo) and Hund’s coupling energy 

(Hex) determines the low spin or high spin electronic state of the system while filling electrons in 

these orbitals. Electrons occupy the lower energy t2g orbitals first when filling these orbitals. After 

all three orbitals have been filled with one electron each, Δo prohibits higher energy eg orbitals 

from being occupied and encourages electrons with opposing spins pairing. Hence, the overall spin 

angular momentum for this configuration is minimum and is known as the low spin state. As soon 

as the electrons are paired in t2g orbitals, Hex comes into play due to electrostatic repulsion between 

electrons. If Hex > Δo, it is energetically favorable for electrons to fill eg state before pairing with 

t2g electrons maximizing total angular momentum. This configuration is called the high spin state. 

This phenomenon plays a crucial role in determining the ground state properties of TMOs and act 

as a knob to tune electronic and magnetic properties if Hex and Δo are closer. These degeneracies 

can be further lifted in some perovskite oxides by compressing or stretching the oxygen octahedra. 

Depending upon the electronic configuration of the d-orbitals, low symmetry octahedra are at 

lower energy than high symmetry octahedra giving distorted octahedra at equilibrium. This type 

of octahedral distortion is commonly known as Jahn-Teller distortion [7]. As shown in Figure 1.2, 
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depending on the type of distortion (elongation versus compression), these distortions are 

accompanied by further splitting of the eg and t2g orbitals. 

 

Figure 1.2: Crystal field splitting and Jahn-Teller distortion in d- orbital 

1.2.2 Structural Features 

Compared to the bulk, thin-film metal oxides must be considered differently due to their 

vulnerability to the external perturbation such as boundary conditions and point defects, which 

might be of higher energy and dominates the total energetics of the system that determine the final 

state of the system. As a result of the interaction between the thin-film material and the external 

boundary conditions, the crystal structure is distorted to achieve equilibrium. Some of the major 

structural features observed in perovskite oxide thin films are unit cell expansion/compression, 
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symmetry breaking through monoclinic/orthorhombic tilting, and oxygen octahedral rotations. 

The consistent change in lattice dimensions in three orthogonal directions is referred as lattice 

expansion/compression that results in a change in unit cell volume. For example, BaTiO3 layers 

are under compressive strain in superlattices strained coherently to a SrTiO3 (STO) substrate, 

which favors a ferroelectric state with an out-of-plane polarization [8]. When a crystal lattice is 

under shear deformation, tilting of the lattice takes place. When the deformation occurs along a 

single crystallographic axis, the tilting is called monoclinic; while if the lattice shears in three 

crystallographic directions, it is called triclinic. Tilting and bending of oxygen octahedra results in 

antiferrodistortive structural ordering, can relate to other modes in the system, generating structural 

and electrical phase changes [9]. Oxygen octahedra rotation on the other hand represents the 

displacement of the oxygen anion from face center of a unit cell but keeping negligible change 

octahedral edge length. Hence, this phenomenon is referred also referred as a rotation of the rigid 

octahedral cage. Many ABO3 compounds rely heavily on the characteristics of oxygen octahedra. 

The B-O-B angle is reduced as a result of octahedral rotations, which has significant implications 

for the magnetic and transport properties of various conducting perovskites. The rare earth 

nickelate family is one of the most well-known examples for these phenomena, in which the Ni-

O-Ni bond angle plays a key role [10]. 

1.2.3 Effect of Crystal Planes 

Despite the structural changes that can be forced in the lattice of perovskite oxide thin films, 

structural changes can also be imposed on the thin film's surface. We refer to the surface of a thin 

film as the volume within 1-2 nm of the top surface. One of the evident examples of surface 
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manipulation can be found while slicing unit cells along different orientations of the same 

materials. The surface structure can be cubic lattice, rectangular lattice, or hexagonal lattice 

depending on whether the exposing crystal plane is (001), (110), or (111) respectively. A (100) 

orientation results in AO and BO2 surfaces alternatingly, (110) orientation results in ABO and O2 

layers and (111) orientation results in AO3 and B layers alternately. Having these features, thin -

film perovskite oxides allow to tune their physical properties despite preserving the same chemical 

composition. It has been observed that the Curie temperature decreases by 170 K in BaTiO3 

epitaxial thin films grown on (110) compared to (100) STO substrates [11]. It has been reported 

that preferential reduction of Ag+ and oxidation of Pb2+ takes place on (100) orientation of STO 

nanocrystals [12,13]. As a result, the authors concluded that the surfaces of type (100) are the most 

active compared to polar surfaces (110) and (111) of STO.  

1.2.4 Doping and Strain 

Along with all the above-discussed lattice degrees of freedom, doping in perovskite oxide is 

another crucial knob to dial multiple interactions. La is a popular doping element for divalent A-

site in perovskite oxides such as STO and BaSnO3 (BSO) [14–16]. This doping has changed the 

semiconducting nature of STO and BSO to the conductor both in thin film and bulk structure. 

Another example is the Nb doping on STO, which is popular for thin-film growth as a conducting 

substrate with lattice parameters close to the STO. Many crucial measurements to characterize the 

grown films require conducting substrates where niobium doped STO (Nb:STO) comes into a big 

play as substrate. This conducting nature of the substrate helps to alleviate the charging effect on 

the sample in a handful of measurements such as X-ray photoelectron spectroscopy (XPS), 
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scanning tunneling microscopy, low energy electron diffraction, low energy electron microscopy 

etc. Due to the obvious heightened sensitivity of doping level to device performance, doping for 

device application must be done with extreme caution. A semiconductor may not be effective for 

device purposes unless it is doped, which comes at the cost of negative effects such as dopant 

scattering. In modern times, these insights have led to the pursuit of a dopant-free, clean interfacial 

system [17,18].  

The lattice mismatch between the two materials governs strain in heteroepitaxial development with 

a film and substrate. The lattice mismatch f can be calculated as: 

𝑓 =
2(𝑎𝑓 − 𝑎𝑠)

𝑎𝑓 + 𝑎𝑠
~

𝑎𝑓 − 𝑎𝑠

𝑎𝑓
 

where as is the substrate lattice parameter and af is the film lattice parameter [19]. Among different 

growth modes, when layer-by-layer growth occurs, the film grows with an in-plane lattice 

parameter equal to the substrate's lattice parameter which is referred to as coherent strain and 

results in biaxial strain in the film. Strain energy is highly dependent on film thickness and is 

another important factor that determines the possible strain a grown film must go through. Usually, 

small film thickness compared to the substrate is good enough to maintain coherent strain. The 

elastic strain energy increases in direct proportion to the thickness of the film. The strain energy 

becomes too high to maintain coherent epitaxial growth at a critical thickness, and misfit 

dislocations occur to relax the strain. Because the strain energy is inadequate to support enough 

dislocations to fully release away all strain, dislocations form with a low density at first. But the 

dislocation density increases as the thickness of the film increases, reducing strain and pushing the 
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film's lattice parameter closer to the bulk value. Hence the choice of the substrate to grow one 

oxide on another is also another aspect to tune functionalities and morphology in perovskite oxides.  

1.3 Heterostructure 

The sample surface is the most basic interface with vacuum. Since early predictions of unique 

electronic surface states, physical phenomena at solid surfaces and interfaces have sparked 

intensive research interest which has generated applications that have transformed our way of life. 

The metal-oxide-semiconductor field-effect transistor (MOSFET), which lies at the heart of every 

electronic device, is probably the most notable example. When two materials are combined, 

interesting phenomena emerge at the interface. The technological advances in semiconductor 

heterostructures overlapped with the discovery of novel quantum phenomena. Transition metal 

oxides are a type of material that has a wide range of functional properties not found in ordinary 

semiconductors. One of the most essential aspects of a heterojunction is the band offsets at the 

interface of two semiconductors. Understanding the link between interface physical structure, 

electronic structure, and charge transfer requires precise band offset measurements. For years, it 

has been known that combining core-level and valence band XPS is one of the straightforward 

experimental approaches for measuring valence band offsets [20].  

The presence of an interface can have an impact on electronic degrees of freedom, potentially 

resulting in novel and fascinating physical phenomena. The interface impacts the properties of 

oxides through different mechanisms such as symmetry breaking, charge transfer, and strain. 

Ordering and mutual interaction of several degrees of freedom such as charge, spin, orbital, and 

lattice are involved in the unique features of oxide materials. Translational and inversion symmetry 
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are violated at the interface as two different materials must share the same platform. This situation 

gives rise to the modified band structure due to the altered hybridization of the ionic orbitals. The 

interface can play a major role in resetting the Fermi level, resulting in charge transfer and non-

equilibrium transport behaviors. Another intriguing feature is the atomic reconstruction at the 

interface, which can allow oxygen octahedra in perovskite oxides to rotate in the perfect cubic 

structure of the bulk oxide, changing its conducting and magnetic properties. One of the highly 

studied systems formed by deposition of LaAlO3 (LAO) on STO (100) turns out non-polar STO 

to be carrying layers of free carriers at the interface [21–23]. Though LAO and STO are insulating 

and non-magnetic oxides, their interface shows a two-dimensional electron system with high 

electron mobility, superconductivity at low temperatures [24] and electric-field-tuned metal–

insulator and superconductor–insulator phase transitions [25]. Complex oxides are highly sensitive 

to defects, such as the cationic defect observed at the LAO/STO interface, which can limit 

transport properties [26] or create magnetic interfaces [27] out of non-magnetic complex oxides. 

Due to their narrow range of cell dimensions (3.85 - 4.1 Å), perovskite oxide heterostructures, on 

the other hand, are relatively easy to stack one on top of another for the heterostructure purpose. 

On the other hand, thin-film deposition technology has advanced to the point that it is now able to 

customize oxide heterostructures with sub-nanometer precision. These advancements in 

technology have advanced the research of clean interfaces at metal oxide heterostructures, paving 

the way for unique future applications. 
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1.4 Two Dimensional Electron Gas 

Moving towards the low dimensions allows broader dynamics of buried phenomena where 

surfaces and interfaces come into play. Compared to the bulk, large varieties of properties can be 

tuned at the interface of various heterostructures including traditional semiconductors and 

transition metal oxides (TMOs). The polar discontinuity has been one of the key phenomena 

observed in semiconductor interface since the early eighth century. It was observed in the growth 

of GaAs on (001)-oriented Ge, where both semiconductors have the same crystal structure and 

nearly exact lattice parameters [28,29]. Indeed, the introduction of interfaces in semiconductor 

structures stimulated the discovery of many other exciting physical phenomena, leading to the 

development of several semiconductor devices that dominate modern technology. High-quality 

heterostructures generated by molecular beam epitaxy (MBE) in conventional III–V and group-IV 

semiconductors have led to several scientific discoveries, including the fractional quantum Hall 

effect [30]. The effective mass model is used to describe the phenomenon governed by states 

around the conduction band minima in traditional semiconductor heterostructures with wide band 

gaps. Carrier mobility has long been utilized as a highly sensitive metric of material and 

heterostructure quality in traditional semiconductor heterostructures. Surprisingly, the behavior of 

traditional semiconductors like silicon is less intriguing in the bulk of the material. Because oxide 

materials already have more complex physics in the bulk, we can expect physical phenomena at 

oxide interfaces to be far more stunning than those seen at normal semiconductor interfaces. On 

the other hand, quantum-confined states occur in many oxides and involve carriers in narrow d-

bands that are usually significantly filled and are subject to strong electron-electron correlation 

effects and exchange coupling, which ultimately dominate the transport parameters [31–33].  
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Oxide heterointerfaces exhibit a wide range of emergent behaviors not found in their bulk 

constituents due to spontaneous interactions of charge, spin, lattice, and orbital degrees of freedom 

in correlated complex oxides [34,35]. Scattering from different imperfections, such as ionized 

donors or acceptors, impurities, dislocations, interface roughness, cation and oxygen vacancies, 

and other defects, inhibits mobility at low temperatures. Generally, binary oxides such as SnO2, 

ZnO, In2O3 shows similar characteristic wide bands and low effective masses as traditional 

semiconductors. A high mobility 2DEG in TMO heterostructure at low temperature is believed to 

be mainly restricted by scattering due to ionized impurity. As there are different parameter that 

can tune the mobility, high-mobility perovskite oxide heterostructures are still in the early stages 

of development compared to typical semiconductor heterostructures [36,37]. 

Since progress in this area was delayed for many years by challenges in synthesizing epitaxial 

oxide multilayers, the physics of oxide interfaces is still under exploration. New deposition 

techniques such as pulsed laser deposition (PLD), MBE, and hybrid MBE (hMBE) have been 

developed to solve this problem. Ultraclean oxide heterostructures with atomically clean surfaces 

may be grown using these approaches. They are grown layer by layer as thin as one atomic layer, 

as confirmed by in situ reflection high-energy electron diffraction (RHEED). To access the 2DEG 

in oxide interfaces, different approaches have been employed including polar catastrophe [21]. 

Another approach implemented to enhance mobility and carrier concentrations is delta doping in 

oxides [38–40]. Delta doping has long been employed in conventional semiconductor systems 

investigating the introduction of several subbands to enhance the mobility and carrier 

concentrations [41]. Delta doping is mostly understood as a thin layer of dopant semiconductor on 
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top of another semiconductor. Along with the thickness of the doping layer, the capping layer has 

a significant role in performing 2DEG characteristics [40]. To optimize the interfacial charge 

transfer mechanism, charge carriers must be isolated from the scattering center in heterostructure 

engineering. Due to the purity provided by segregated carriers and donor sites, modulation doping 

is widely used these days. On the other hand, carriers and mobility tunability is another important 

feature of modulation doping. One of the exemplary systems recently studied for modulation-

doped perovskite oxide grown by hMBE is the stannate interface SrSnO3 (SSO)/BSO [42]. The 

thin layer of SSO between the La-doped SSO donor and the BSO active layer functions as a spatial 

separation, resulting in a modulation-doped system. To pursue high mobility devices, the goal is 

to synthesize interfaces with low cation diffusion to reduce impurity and interfacial scattering. 

Although the presence of a buffer layer is not unusual to stop cation interdiffusion in device 

technology, it might be counterproductive if the buffer layer is not chosen properly. It would be 

fascinating to have an interfacial system with a large number of free carriers, such as SrNbO3 

(SNO) as a donor, where cation interdiffusion to the active layer is not a factor.  

Understanding the charge transfer mechanism is crucial due to its wide applicability in high 

mobility electronics. When two oxides are layered together to form an interface, charge transfer 

takes place to balance the electron chemical potentials and Fermi level of both materials. This 

phenomenon is primarily responsible for the rich physics seen in traditional semiconductor 

heterostructures, which led to the development of devices such as the p-n junction, Schottky 

diodes, and high-mobility transistors based on 2DEG. Perovskite oxide, like classical 
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semiconductors, exhibits a variety of phenomena that are made even more intriguing by the 

addition of d-orbital cations and spin degrees of freedom. 

Novel interfacial phenomena continue to emerge in perovskite oxide heterostructures, in addition 

to the variety of intriguing properties in bulk and thin films. Similar, to the surface, the ions at the 

interface can be reconstructed, breaking the symmetry of the constituent bulk oxides even further. 

The existence of an interface in perovskites, for example, can cause oxygen octahedra to rotate in 

the ideal cubic structure of the bulk oxide, changing its conducting and magnetic characteristics as 

well as the ferroelectric order. Multiple properties can be tuned at the interface of perovskite oxides 

including 2DEG. The development of 2DEG at the LAO/STO interface [21] provided a significant 

thrust to the research of oxide interfaces as an alternative to the traditional wide band gap 

semiconductors as a high-speed electronics material. In STO-based interfaces, multiple interesting 

phenomena such as magnetism [43], superconductivity [44,45], Rashba spin-orbit coupling [46] 

along with 2DEG are observed due to the Ti 3d bands character. Interfacial magnetism is an 

uncommon property among these features, considering both LAO and STO are nonmagnetic in 

nature. The intrinsic electronic reconstruction, i.e., polar catastrophe, was principally supposed to 

be responsible for the formation of 2DEG in LAO/STO interface. Other mechanisms have also 

been postulated to explain the origins of interfacial 2DEG conductivity in LAO/STO, including 

oxygen vacancies, [47], interface cation mixing [48], cation off stoichiometry [26,27] and internal 

structural deformation, [49]. 2DEG in other complex oxides, aside from titanate-based 

heterostructures, is largely unexplored. Alkaline earth stannates have attracted interest because of 

their excellent room-temperature electron mobility while remaining optically transparent, making 
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them viable candidates for transparent conducting oxides (TCO). One of the interesting stannates 

to look at is BSO, when La-doped, it is reported to show the highest mobility in record 320 

cm2V−1s−1, with 8×1019cm−3 n-type carriers, for complex metal oxides [50]. The vacant 5s orbital 

of the Sn atom, which leads to a low effective mass of carriers in BSO, is believed to be responsible 

for such high mobility of La-doped BSO. 

Indium-based oxides are predominantly used in optoelectronic applications since three decades 

due to their transparent conducting nature [2,51]. The scarcity of elemental indium on Earth has 

led to the search for indium-free materials, such as stannates in recent years. Low resistivity 

observed in TCOs can be improved either by increasing the carrier mobility and/or carrier density. 

Although there is a tradeoff between these two parameters, mobility enhancement is the more 

favorable alternative for TCO films due to their higher carrier density. Complex metal oxides 

are good alternatives to replace indium-based optoelectronic materials since they offer more 

degrees of freedom, such as spin and structural deformation [52,53]. On the other hand, 

engineering interfaces with BSO as an active layer and a good donor as a dopant may result in 

high mobilities and carrier concentrations for high-speed electronics applications. Another unique 

feature that can be exploited for next-generation electronics is ferromagnetism discovered in 

2DEG at the non-magnetic oxide interface, LAO/STO [43]. Interestingly, spin-polarized 2DEG 

can be used in spintronic devices like magnetic memory and spin logic. Furthermore, unlike typical 

semiconductors, complex oxides can display substantial spin-orbit coupling when conduction 

bands contain 5d electronic states, allowing for next-generation THz spin-Hall nano-

oscillators [54,55]. 
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1.5 Overview of Thesis 

This dissertation work intends to elaborate on the application of the emerging thin film growth 

technique, hMBE to synthesize ultraclean perovskite oxides at the atomic level. The major goal of 

this dissertation is to correlate the surface and interface of ultraclean samples grown by hMBE for 

future applications in multiple fields due to the observed multiferroic, ferroelectric, ferromagnetic 

and superconducting properties. Chapter 2 introduces the properties and related physics of STO, 

SNO and BSO. Different popular techniques that have been used for the growth of thin-film oxides 

are introduced and the effectiveness of hMBE technique is discussed in chapter 3. The purpose of 

Chapter 4 is to describe the material characterization techniques employed in this dissertation, as 

well as their operational principles including related physics. Chapter 5 investigates the surface 

stability in STO thin films grown by hMBE. The first ever hMBE growth of metastable SNO and 

its surface stability is studied in chapter 6. In chapter 7, possible charge transfer in SNO/BSO 

interface is discussed investigating tin oxidation state through Sn 3d core level. Finally, chapter 8 

summarizes the study of surfaces and interfaces of hMBE grown perovskite oxide thin films and 

presents a proposal for future research. 
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Chapter 2 

Materials Properties and Related Physics 

2.1 SrTiO3 Overview   

2.1.1 Crystal Structure 

In thin-film perovskite oxide technology, SrTiO3 (STO) is a prototypical simple cubic perovskite 

oxide with lattice parameter of 3.905 Å [56]. Figure 2.1 shows that oxygen octahedra surrounds 

the Ti-site at the body center and Sr-site cations at the corner of a unit cell. The band structure of 

STO depicts a band gap of 3.27 eV with the valence band maximum (VBM) and conduction band  

 

Figure 2.1: SrTiO3 cubic unit cell 

minimum (CBM) populated by O 2p and Ti 3d states, respectively [57]. Due to its simple structure 

and fascinating properties, STO is one of the most investigated materials in thin-film complex 
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oxides. The ionic charges of Sr2+, Ti4+, and O2- are observed in the cubic perovskite structure of 

STO. During STO synthesis, either SrO or TiO2 termination can be observed due to their 

comparable thermodynamic stability. One of the most broadly adopted parameters of a film to 

check stoichiometry is the XRD measured lattice constant. When compared to stoichiometric STO, 

non-stoichiometric STO has a substantially greater lattice constant [58–60]. 

2.1.2 Surface properties  

In comparison to the bulk, the surface of STO exhibits fascinating features such as 2DEG and 

topological properties, hence modern technological advancement is focused on surface related 

properties. There was immense attraction towards the field of oxide interfaces after the discovery 

of two dimensional gas (2DEG) in LaAlO3 (LAO)/STO interface [21]. Though the charge transfer 

mechanism discussed in the LAO/STO interface is still up for controversy, with one referring to 

the oxygen vacancy in STO-driven phenomena [21,36,61] and the other to the polar discontinuity 

at the interface-driven phenomena [62]. Surface termination of a STO film triggered by 

contaminants, surface defects, and other sources of defects may result in novel phases at the film 

surface that have a major impact on surface and interfacial properties. Surface sensitive probes 

such as atomic force microscopy and scanning tunneling microscopy (STM) revealed half unit cell 

step height (~ 2.0 Å) that confirms mixed terminations of SrO and TiO2 in a film, whereas unit 

cell step height shows the existence of either type of surface termination [62]. Surface 

reconstruction is a term used to describe a type of unique phase evolution that occurs at the film's 

surface. Surface reconstruction in STO films has been extensively researched, with STM analyzed 

(2x1), c(4x4), and c(4x2) phases suggesting various reconstruction [63]. The Sr adatom 
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model  [64] is one of the atomic structures proposed for the (√5×√5)R26.6° reconstruction, 

however no precise atomic structure model exists to describe all of the reconstruction regimes. A 

material’s electronic property may largely deviate due to surface reconstruction which opens or 

closes the gap between band in band structure. Because of their potential applications in 

photocatalysis, surface reconstruction has gained a lot of attention. 

2.1.3 Thin Film Synthesis   

The importance of surface terminations demands atomic-scale control of thin film oxide growth. 

Multiple growth approaches have been used to synthesize STO, including metalorganic chemical 

vapor deposition (MOCVD) [65] and molecular beam epitaxy (MBE) [66,67]. The incorporation 

of an extremely low vapor pressure element or refractory element is an additional growth challenge 

for complex metal oxides by MBE. Among these elements, Ti is one element that is difficult to 

deliver using a regular effusion cell in MBE.  The hybrid MBE (hMBE) technology is used to 

synthesize an ultraclean STO at the atomic level. In 2009, employing titanium tetraisopropoxide 

(TTIP) for Ti delivery, the hMBE approach was used to grow homoepitaxial and heteroepitaxial 

STO films for the first time [59]. The subsequent work on La doped STO [15] revealed the highest 

mobility in record at low temperatures, indicating that the hMBE generated STO films were of 

high quality. Nowadays, by supplying elemental Sr and TTIP as a Ti source, hMBE has become a 

standard approach for STO synthesis [5,15–17]. A massive success in the synthesis of high-quality 

STO films paved the way for complicated metal oxides containing elements with exceptionally 

low vapor pressures. In Chapter 5, the details on STO synthesis by hMBE is described.   
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2.1.4 Application as an Interface Active layer   

The fact that STO is utilized as a typical substrate for depositing oxide compounds due to its 

structure and lattice constant that are comparable to those of several other significant oxides, 

enables for epitaxial growth. The STO-based conductive material can be formed by n type [71]  

or p type [72] doping due to the major conduction band contribution coming from Ti 3d states. It 

can display d electronic characteristics by the filling of different d orbitals which opens the great 

application opportunity of STO-based 2DEG in oxide electronic devices. Discovery of quasi 

2DEG in LAO/STO interface [21] due to polar discontinuity created immense attraction towards 

the field of oxide interface. After this discovery, oxide 2DEG opened new phenomena because of 

strong electron correlation between 3d electrons which was not observed in conventional GaAs 

based 2DEG that has s or p electrons as conducting electrons. Due to the presence of electron 

correlation between 3d electrons, oxide 2DEGs display magnetism, ferroelectricity, spin orbit 

coupling characteristics [23,71,73]. Among STO based oxide interface, LAO/STO system is one 

of the widely studied oxide interface system up to date. Beyond 2DEG systems, studies of 

polar/nonpolar LaFeO3/STO interfaces [74–76] demonstrates photocatalytic behavior reflecting 

the importance of understanding interfacial structures and defects in these materials with a great 

deal of precision for future electronic and energy devices.  

2.2 SrNbO3 Overview   

2.2.1 Crystal Structure   

SrNbO3 (SNO) has a d1 electronic configuration and a simple cubic perovskite structure with 

lattice parameter ranging from 4.0 to 4.1 Å [77]. The Sr cations are at the A-site and Nb at the B-
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site forming oxygen octahedra surrounded by six oxygen atoms as shown in Figure 2.2. As 

previously reported in density functional theory (DFT) studies on SNO/STO 

heterostructures [77,78], the band diagram of SNO reveals the Nb 4d t2g bands crossing the Fermi 

level, indicating its metallic nature. This, combined with the low work function, makes SNO stand 

out as a good donor [79]. Studies have also examined the material for use as a plasmonic 

transparent conducting material due to the large band gap between the O 2p and Nb 4d bands [80–

82]. 

 

Figure 2.2: SrNbO3 cubic unit cell 

2.2.2 Thin Film Synthesis  

SNO is a challenging material to grow due to its metastable state and difficulty in delivering Nb 

by evaporation because of extremely low vapor pressure. Extra care must be taken to preserve the 

metastable state of SNO films so that over-oxidation can be minimized or alleviated. In the past, 
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synthesis of SNO has been carried out by PLD [81,83,84], sputtering [80,82], but hMBE has been 

implemented for the first time in our work which will be discussed in chapter 6.   

2.2.3 Role as a Donor in 2DEG 

4d electronic states are more extended than 3d electronic states, resulting in enhanced 

hybridization with surrounding oxygen ions and weaker on-site coulomb interaction, promoting a 

stronger metallic character and fewer electronic correlations, and resulting in higher electrical 

conductivity [79]. SNO with the Nb 4d1 electronic configuration produces a large charge carrier 

density that crosses the Fermi level providing metallic-like behavior. Presence of an extra electron 

and low work function makes SNO a good donor. As predicted by density functional theory (DFT) 

studies on SNO/STO heterostructures [78], SNO is proposed as a good donor to STO. Recent 

exciting results on SNO/STO interfaces [85,86] grown by PLD without capping layers with 

atmospheric exposure reflects the importance of SNO for candidate material as a donor. However, 

these predictions may not be the complete story and our findings on the role of a capping layer of 

metastable SNO films [87] discussed in chapter 6 would likely change the interpretation of both 

findings. 

2.3 BaSnO3 Overview   

2.3.1 Crystal Structure  

BaSnO3 (BSO) is a cubic perovskite structure with lattice parameter of 4.13 Å [88]. The Ba cations 

occupy the A-site and Sn cation the B-site forming oxygen octahedra surrounded by six oxygen 

atoms as shown in Figure 2.3. The electronic band structure of BSO shows that the VB states are 

O 2p contributed while CBM has Sn 5s states with indirect band gap of 3.2 eV [89]. BSO is 
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considered as one of the interesting transparent conducting oxides (TCO’s) due to its optical band 

gap [88] and s character in CBM. La doping in BSO has been reported to produce electron 

mobilities comparable with the best TCOs [50,90,91]. Due to the scarcity of In for In-based TCOs, 

the search for an alternate material led to the BSO, which has reasonable TCO characteristics. 

 

Figure 2.3: BaSnO3 cubic unit cell 

2.3.2 Thin Film Synthesis  

A bulk La-doped BSO outperforms thin film BSO in mobility [50] which directs towards the 

improvements in synthesis of high quality BSO thin films. The stoichiometry of a thin film and 

the choice of lattice matched substrate have a major impact on sample mobility. Compared to the 

bulk single crystal, BSO thin films have low mobility mainly due to substrate misfit introduced 

threading dislocations [16] and point defects due to non-stoichiometry and scattering effects due 
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to La dopant concentration [92]. The BSO thin films have been grown by PLD [89], MBE [16] 

and hMBE [93,94] in the past. One of the major concerns in synthesis of BSO is a Sn 

contamination [95] of the chamber so we will be using as grown BSO film from Cornell University 

to grow SNO film on top of it to carry out carrier concentration and mobility measurements in 

SNO/BSO interface. 

2.3.3 Role as an active layer in 2DEG 

BSO has a comparable band gap with STO. Inversely, compared to the Ti 3d states in STO, BSO 

has its CBM contributed by Sn 5s states with little O 2p hybridization producing low effective 

mass that is suitable for high electron mobility [92]. Electrical conductivity along with optical 

transparency stands out BSO as one of the candidate materials for modern optoelectronic 

applications. A Hall mobility of 103 cm2 V−1 s−1 with an n-type carrier concentration of ∼8–

10×1019 cm−3 in La-doped bulk BSO single crystal was reported [90]. Subsequently, largely 

improved Hall mobility of 320 cm2 V−1 s−1, highest mobility in complex metal oxides up to the 

date, with 8×1019 cm−3  n-type carriers was achieved in La-doped bulk BSO single crystal [50] 

highlighting a potential application of BSO as an optoelectronic materials. Due to these interesting 

characteristics, BSO has gained increasing attention as a candidate material for next-generation 

oxide electronic devices. Compared to the bulk single crystal, BSO thin films have low mobility 

mainly due to substrate misfit introduced threading dislocations [16] and point defects due to non-

stoichiometry and scattering effects due to La dopant concentration [43]. Our work in chapter 7 

focuses on SNO/BSO interfacial system where SNO acts as a donor in modulation doping fashion. 
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Since dopant scattering can be safely ruled out, this approach will dramatically increase BSO 

mobility.  
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Chapter 3 

Thin Film Growth 

3.1 History of Oxide Molecular Beam Epitaxy 

Oxide molecular beam epitaxy (MBE) was first employed to grow Al2O3 on GaAs using molecular 

oxygen and aluminum deposition to prepare a metal oxide semiconductor heterostructure [96]. 

One of the challenges faced was inadvertent oxidation of the GaAs crystal that changed the crystal 

structure of the GaAs substrate. This oxygen diffusion to the GaAs occurred during the high growth 

temperature required for Al2O3 synthesis and was irreversible. On the other hand, maintaining a 

lower growth temperature would be unacceptable since the film’s crystallinity would suffer and 

show oxygen defects. Later, more efficient oxygen sources were used such as oxygen plasma and 

ozone to increase oxygen reactivity for the film even at lower temperatures. In 1985, LiNbO3 was 

the first crystalline ternary oxide grown by MBE [97]. After the discovery of room temperature 

superconductivity in cuprates [98,99], the utilization of MBE as a growth technology skyrocketed. 

However, the amorphous nature of thin films formed by MBE did not exhibit the desired 

properties, hence post-growth annealing was employed.  Most importantly, oxygen plasma and 

ozone assisted MBE growth were used to maintain the quality of a thin film and provide 

uninterrupted growth of superlattice and interfaces [100,101].  

3.2 Oxide Molecular Beam Epitaxy 

Delivering highly reactive oxygen has played a major role in producing high-quality films in oxide 

growth through several procedures such as cleaning substrates, eliminating contaminants during 

growth, and modifying the reactiveness of an oxidation process. Since the introduction of 
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molecular oxygen in MBE growth, other forms of alternate oxygen sources have been employed. 

Ozone and oxygen plasma is used as an oxygen source in growths that demand highly reactive 

oxygen since they provide atomic oxygen, O-. Atomic oxygen plays a critical function in removing 

carbon contamination [68,102], which is essential for creating high-quality surfaces and interfaces 

in samples. This is important because many unique phenomena occur at the surface or interfaces 

of a structure. Ozone and oxygen plasma are both often used as oxygen sources for reactive oxygen 

MBE growth these days. Depending upon the plasma power and oxygen pressure, oxygen plasma 

efficiency varies largely. On the other hand, proper care of an ozone source must be taken to 

eliminate liquefaction of ozone which acts as an explosive and has been reported in different 

instances [103,104]. In some cases, nitrogen dioxide (NO2) and hydrogen peroxide (H2O2), in 

addition to molecular oxygen, oxygen plasma, and ozone, have been demonstrated to act as 

oxidizing agents [105,106]. The low reactivity of NO2 compared to ozone, along with 

incorporation of nitrogen ions at oxygen sites, makes NO2 not a favored oxidant [107]. H2O2 has 

also been shown to be an effective oxygen supply for oxide film development [108] although its 

usage is limited since water vapor in the main growth chamber is a likely byproduct, which is 

undesirable for ultra-high vacuum (UHV) synthesis.  

3.2.1 Challenges with Oxide Molecular Beam Epitaxy 

Along with the selection of oxygen sources either in the form of molecular oxygen, radio frequency 

plasma, ozone, NO2, or an H2O2, practical compatibility issues in UHV system must be considered. 

Despite the importance of the reactive oxygen source in oxide growth, undesired oxidation in the 

substrate heater filament, substrate holder, and source material are key issues that must be 
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addressed. The use of oxidation-resistant substrate holders and heating filaments in substrate 

heaters and source heaters would greatly reduce the problem of unwanted oxidation. This includes 

finding highly oxygen resistant material for the heater filament since as the temperature is 

increased, oxygen starts to become more reactive, and oxidation is inevitable. Unless this 

unwanted oxidation is greatly reduced, contaminants will end up in the film, degrading the quality 

of the sample. On the other hand, those oxidized pieces of instrument do not last that long which 

is another challenge as a grower.  

Oxidation of metal effusion cell heating filament could occur in the case of a less oxygen resistant 

crucible. Beside filament oxidation, oxidation of the metal source material is a substantial issue in 

oxide growth. Oxidation of source material could happen both in refractory elements such as Ti, 

V, and Nb, and in elements with high oxidation potential such as Sr, Ba, and Ca [109,110]. Those 

high oxidation potential elements can be readily oxidized in the presence of oxygen, and low vapor 

pressure elements require high cell temperature to evaporate properly. The reactivity of the 

elements rises with oxygen exposure at higher cell temperatures, resulting in the oxidation of the 

source. Another common problem with high cell temperatures is the blockage of the crucible 

aperture by elemental oxides, which results in metal flux instability. This has a significant impact 

on the stoichiometry of the grown sample. Oxidation of the source elements can be minimized by 

pumping out the source through differential pumping. Differential pumping is greatly effective in 

isolating highly oxidizing source elements during venting of the chamber. 

Fluctuations in cation fluxes are another key problem in synthesizing high-quality samples using 

MBE. Under an oxygen environment, a quartz crystal microbalance (QCM) can be used to measure 
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cation fluxes for some of the metals such as Sr to measure flux in their oxide form. The QCM is 

used to measure small mass changes in a quartz crystal resonator in real time as it is exposed to an 

effusion cell, which is useful in monitoring the growth rate. One drawback with QCM is that the 

QCM’s head must be replaced on a regular basis since the sensor becomes less sensitive over time 

as deposited mass increases. Differential pumping supports the QCM head replacement process 

without exposing UHV chamber to the atmosphere. 

Modern MBE systems are equipped with a surface sensitive tool called a reflection high-energy 

electron diffraction (RHEED) system that is effective for monitoring the surface morphology, 

growth rate and growth modes. RHEED is also used to adjust cation fluxes to obtain stoichiometric 

samples [67]. Along with the RHEED to monitor the quality of the sample, post growth 

complementary characterization techniques such as X-ray photoelectron spectroscopy (XPS) is 

also used to check the sample stoichiometry. The long-term continuous use of a RHEED system 

leads to the oxidizing environment oxidizing the RHEED filament. Differential pumping is one of 

the highly practiced approaches to extend the filament lifespan from oxidation. 

Obtaining adsorption-controlled growth in perovskite oxides is important to carry out highly 

controlled repeated synthesis of stoichiometric samples. It was during the first time MBE was used 

to grow GaAs [111] that it was considered an adsorption-controlled growth. PbTiO3 was the first 

perovskite oxide system [112] investigated for adsorption-controlled growth. This type of growth 

is advantageous in eliminating small flux instabilities and unreliability in sample growths. Usually, 

excess cations on a film during the growth are desorbed in the form of their oxide which helps to 

maintain a proper stoichiometric ratio throughout the sample. Adsorption controlled growth has 
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been obtained in many other perovskite oxides [113] including PbTiO3. To obtain adsorption-

controlled growth in MBE, the equilibrium partial pressure of a volatile oxide should be high 

enough to carry out the growth at a realistic temperature and practical growth rate. However, 

adsorption-controlled growth is not attainable in many other perovskite oxides, especially those 

including refractory elements. Major issues with these low vapor pressure elements include 

difficulty in maintaining sufficient vapor pressure and instability in flux rates in oxygen 

environments. Oxygen defects in films also appear due to the need of keeping low oxygen 

pressures to maintain reasonable mean free paths. To circumvent these issues and obtain 

adsorption-controlled growth window in perovskite oxides, the hybrid MBE (hMBE) technique 

was developed. 

3.3 Hybrid Molecular Beam Epitaxy 

Due to the lack of an adsorption-controlled growth window, MBE growth of complex metal oxides 

is more challenging than that of binary semiconductors such as GaAs. Some growths involving 

cations and cation oxides with high vapor pressures such as Pb in PbTiO3 and RuOx in SrRuO3 

can be carried out with ease [114]. In general, cations do not exhibit high vaporization and it is 

even more challenging in the case of refractory elements such as Ti, Nb, Zr, V. This makes them 

difficult to use in synthesizing a material with perfect stoichiometry. Regular oxide MBE uses 

effusion cells for each elemental source, but this is not always possible when working with low 

vapor pressure metals, as stated in the preceding section. The hMBE is a combination of 

conventional MBE and metalorganic MBE approach where the A-site cation is supplied through 

an effusion cell and the B-site cation is supplied in the form of a metal-organic precursor and 
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reactive oxygen environment as shown in Figure 3.1. This method was first employed in synthesis 

of SrTiO3 (STO) film using an effusion cell for Sr-site cations and a metal organic precursor, 

titanium tetraisopropoxide (TTIP), for titanium [59,115]. A stainless-steel bubbler is used to 

vaporize the precursor and is connected through the gas inlet system to the growth chamber. To 

avoid condensation and potential blockage, the gas lines are kept at a greater temperature than the 

bubbler. Although liquid nitrogen flow is commonly used to cool the growing chamber shroud, 

which can trap adsorbed byproducts and unreacted metal organics, a low-temperature fluid called 

Syltherm XLT has also proven to be quite successful for this purpose [68,87]. Due to the high 

vapor pressure and ability to perform without a carrier gas, hMBE is useful for delivering metals 

in the form of their organic precursor. As the valve separates the connection between the precursor 

and the chamber, the beam flux remains extremely steady in a low-pressure oxygen atmosphere. 

This setup also allows for the refilling of metal organics without disrupting the UHV of the 

growing chamber. The oxygen bonded precursor is usually effective in oxide formation because 

the bonded oxygen with metal ions present in the precursor helps to achieve the sample's 

stoichiometry. Furthermore, hMBE growth is extremely effective at maintaining an adsorption-

controlled growth at reasonable temperatures, which may not be possible with standard oxide 

MBE. In the case of STO growth, it has been predicted that the SrO terminated site is more 

favorable to dissociate the TTIP precursor, accelerating the film deposition [113]. A consecutive 

study shows that SrO termination is necessary to obtain stoichiometric sample [68].  

Physical properties are highly influenced by point defects, whether they be vacancies or 

interstitials. In the case of STO, the adsorption-controlled growth window largely reduces the 
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chance of off-stoichiometry growths normally caused by fluctuation in traditional effusion cell 

beam flux. This, in turn, reduces the defect concentration in films. Low temperature electron 

mobilities in La-doped STO were reported to exceed 50000 cm2 V-1 s-1 [116] in samples grown 

using this method, which is more than two times higher than those reported in bulk single 

crystal [117] and much higher than those in films grown by PLD [118]. This depicts the 

effectiveness of hMBE in reducing defects and enhancing the mobility of a film at low temperature. 

In addition to STO, BaTiO3 [119] and CaTiO3 [120] has been grown using a TTIP precursor, 

proving it to be an effective precursor for self-regulated growth. Along with this titanium-based 

precursor, hMBE has proven effective for epitaxial development of numerous refractory metal 

oxides, including vanadates, zirconates, and titanates [15,59,70,102,113,115,121,122].  



33 

 

 

Figure 3.1: Hybrid molecular beam epitaxy system schematic. 

3.3.1 Challenges with hybrid Molecular Beam Epitaxy 

One of the common challenges in hMBE is the choice of the UHV-suited precursor. It is not always 

easy to pick a precursor for delivering low vapor pressure cations. Precursors themselves are metal 

organics consisting of hydrocarbons which can be a source of carbon contamination in a film. 

Although, carbon contamination is inevitable in air-exposed samples, carbon contamination in 

sample during the growth must be minimized for synthesizing high quality films using hMBE. 

Besides changing the stoichiometry of a sample, the chemistry of a film can also deviates compared 
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to that of a pristine sample. This will eventually affect the understanding of the film and its 

subsequent properties governed by the bulk, surface, and interface. Carbon contamination on a 

sample can be reduced by increasing the growth temperature in STO growth [68,123]. Mostly, 

oxygen coordinated precursors are useful in growing perovskite oxides at low oxygen pressures 

by hMBE. An oxygen free precursor could be a wise choice where a relatively low oxygen 

environment is needed to preserve metastable perovskite oxides such as SrNbO3 (SNO) [87]. The 

adhesive nature of the organic leftovers from metal organics and unreacted metal ions stick to the 

chamber wall, making it difficult to keep the growth chamber clean for subsequent growth. 

Maintaining their adhesion to the chamber wall during growth is useful in reducing the integration 

of those byproducts in a film but removing them from the chamber wall permanently after the 

sample has been removed from the chamber is critical. Baking the chamber helps in the removal 

of these byproducts from the chamber wall, but it is a time-consuming and tedious process. In 

recent times, an infrared radiation lamp is illuminated inside the chamber for a few hours to help 

remove major byproducts and unreacted metal ions from the chamber walls between growths. 

3.4 Growth Modes 

Epitaxial film growth is a broad field that includes many types of materials, such as metals, 

semiconductors, and oxides. Surface chemistry, kinetics, and elastic characteristics of materials all 

influence epitaxial film growth. Epitaxial growth can be divided into two types: homoepitaxy 

which refers to the growth of a film of the same material as the single crystal substrate, and 

heteroepitaxy which refers to the synthesis of a film different than the substrate. Different growth 
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modes are possible in epitaxial thin film growth. These growth modes are primarily categorized as 

layer-by-layer, island growth, and layer plus island growth as shown in Figure 3.2.  

 

Figure 3.2: Different growth modes common in MBE. 

A layer-by-layer growth is a self-terminating cyclic deposition process that does not initiate 

deposition of a second layer until the first layer is completed [124]. This growth mode is useful in 

calculating film thickness as each cycle represents one monolayer of a film. This type of growth 

usually occurs at low growth temperature, high particle flux and high background pressure. When 

the surface diffusion length is much larger than the substrate surface terrace length, surface steps 

on the substrate surface represent energetically favorable sites for nucleation. This situation during 



36 

 

a growth leads to the step-flow growth mode [125]. Island growth occurs when clusters of atoms 

form on the surface of the substrate and grow into individual islands that are many atomic layers 

in height [126].  The film does not wet the substrate's surface in this scenario, leaving some areas 

uncovered as the islands expand in height. More islands form as more material is deposited, and 

the islands finally combine to form a columnar epitaxial film. In some cases, combination of both 

layer and island growth can be observed depending upon the growth condition. The initial interface 

energy between the substrate and the film encourages layer-by-layer expansion during layer plus 

island growth. However, as the film thickness increases, strain energy from the substrate's lattice 

mismatch favors island formation as a mechanism of strain relaxation [126]. 

3.5 Substrates and Substrate Preparation 

The quality of the underlying crystalline template, or substrate, is critical in epitaxial single crystal 

growth. To prepare a smooth and defect-free substrate surface for epitaxial growth, various 

processing methods such as chemical mechanical polishing and chemical etching are used. The 

extra care taken in substrate preparation has been key to the success of semiconductor technology. 

As a result, modern semiconductor technology is able to deliver high quality technology on a large 

scale. One of the most important components in high-quality epitaxial single crystal growth is a 

lattice-matched substrate. The larger the lattice mismatch, the more strain is introduced into the 

film and changing the structural properties of the grown films. Although, studies involving film 

strain has led to the emergence of unprecedented features in materials and is another fascinating 

area of cutting-edge research [127–132]. According to the purpose of experiment, many different 

substrate types were used in this research work. STO is one of the most commonly used substrates 
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throughout research due to its wide availability and suitable lattice constant for many growths. In 

case of homoepitaxial STO growth, calibration substrates such as (LaAlO3)0.3(Sr2AlTaO6)0.7 

(LSAT) and sapphire were used. Some of the STO samples are prepared on Nb doped STO 

substrates to carry out scanning tunneling microscopy and low energy electron 

diffraction/microscopy measurements that require conductive substrates. To grow SNO, STO is 

mostly used as a calibration substrate while GdScO3 (GSO), TbScO3 and BaSnO3 are used as a 

major substrate for research sample growth. 

  

Figure 3.3: Substrate mounted on a 10x10 mm2 sample holder 
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All substrates used in this study are either 10x10 mm2 or 5x5 mm2 in area size. One 10x10 mm2 

sample mounted on an appropriately sized holder is shown in Figure 3.3. For cleaning purposes, 

substrates were ultrasonically cleaned in acetone and then isopropanol followed by drying with 

dry nitrogen. In some cases, substrates were air annealed to control the surface termination of a 

crystalline template. 
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Chapter 4 

Thin Film Characterization                                                  

In this chapter, different characterization techniques are discussed that are employed to uncover 

the properties of epitaxial thin films, surfaces, and interfaces grown by hybrid molecular beam 

epitaxy (hMBE). Before atmospheric exposure, in-situ RHEED is used to monitor the growth and 

in-vacuo XPS is used as a surface sensitive probe to characterize chemical composition, 

stoichiometry, valence band features, and oxidation state of cations. Ex-situ XRD, AFM, STM, 

LEED/LEEM and XAS are employed as needed to characterize the properties and related physics 

of the hMBE grown epitaxial thin films. 

4.1 Reflection High Energy Electron Diffraction 

Modern epitaxial thin film growth techniques such as molecular beam epitaxy (MBE) and pulsed 

laser deposition (PLD) are coupled with reflection high energy electron diffraction (RHEED) to 

monitor the growth of epitaxial thin films in real time. RHEED, a surface sensitive technique, uses 

electron energies of 5 to 100 keV provided by an electron gun. When an electron beam is incident 

at a glancing incidence on a sample surface, the diffracted electrons interfere and satisfy Laue's 

condition, resulting in diffraction patterns [133,134] on a phosphor screen as shown in Figure 4.1.  

Positions on the diffraction pattern are reciprocal-space representations of physical distances 

between unit cells of the sample surface. The diffraction pattern from the RHEED image can be 

used to track the epitaxial growth in real time, allowing for the prediction of a variety of film 

characteristics such as epilayer thickness, growth rate, surface roughness, and surface 

reconstruction.  
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Figure 4.1: Reflection High Energy Electron Diffraction schematic. 

RHEED is a highly surface-sensitive technique that generates diffraction patterns when electrons 

scatter from the top one or two atomic layers of the sample. The diffraction condition is satisfied 

where an Ewald sphere intersects with reciprocal lattice rods, producing diffraction spots at 

particular locations according to the crystal structure and quality. These spots often appear as 

streaks due to undulations caused by domains or point defects on the surface. The width and length 

of these streaks is determined by the finite size of the in-plane lattice parameter and the incidence 

angle of an electron beam. Fundamental reflections are streaks that emerge on the 0th order Laue 

zone. Secondary streaks between the primary streaks also appear in the case of increasing unit cell 

length and surface reconstruction [135] as shown in Figure 4.2 for homoepitaxial SrTiO3 (STO) 

film of 20 nm. 

The diffraction pattern is formed according to the periodic position of atoms on the sample and is 

used qualitatively to determine film structure, and can be used quantitatively to determine in-plane  
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lattice constants. Additionally, RHEED patterns are useful in determining the growth modes such 

as layer by layer, island, and layer plus island growth in epitaxial film growth [136]. In a layer-by-

layer growth mode, the intensity oscillates back and forth and an overall intensity of a RHEED 

spots remains constant. On the other hand, island growth has step density that varies 

nonperiodically, and multiple diffuse scattering from various steps may dominate the RHEED 

electron-scattering process which results to a sharp decline in RHEED intensity and no oscillations 

in the reflected beam. As a result, RHEED patterns change from 2D “streaky” to 3D 

“spotty” [137]. A high deposition rate leads to high supersaturation, which increases the chance of 

large islands on the surface and results in 2D layer-by-layer plus islands growth [138].  

 

Figure 4.2: (a) SrTiO3 substrate and (b) 20 nm SrTiO3 film on SrTiO3 substrate with surface 

reconstructions 

A uniform structure from bulk to surface is shown by a continuous unchanging RHEED pattern 

throughout the film growth process, which is the first indicator of a single-crystalline or single-

phase film. This also allows for the confirmation of layer-by-layer growth modes in films. After 

deposition, the oxygen reactivity and stage temperature parameters that are optimal for forming a 

material may not be adequate for preserving its structure. In case of metastable films such as 
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SrNbO3 (SNO), oxygen environment plays vital role in over-oxidation of film surfaces during and 

after the growth. As shown in Figure 4.3, the intensity spots and Kikuchi bands degrade, indicating 

that the quality of the RHEED pattern lowers while cooling down the sample. 

 

Figure 4.3: SrNbO3 film on GdScO3 substrate (a) hot and (b) cool (room temperature)                                                                      

4.2 X-ray Photoelectron Spectroscopy 

Advances in thin film synthesis by novel growth techniques demands highly efficient 

characterization tools that can explain the physical origin of emergent phenomena in thin films, 

surfaces, and interfaces. X-ray photoelectron spectroscopy (XPS) is a well-known surface sensitive 

characterization technique due to its ability to probe no more than 10 nm in sample depth. Our lab 

setup for hMBE integrates synthesis with XPS in a single vacuum which creates unique 

opportunities to examine in-operando elemental stoichiometry, valence state and bonding 

environments of a thin film and its interface. XPS is a powerful technique for accessing chemical 

effects on a film surface that might have occurred after growth, beginning with sample cooldown 

all the way to atmospheric exposure. 



 43 

The principle of XPS is based on the photoelectric effect  [139]. When an incident X-ray on a 

sample knocks out any core level or valence electrons to the vacuum, this is the photoelectric 

effect.  Generally, Mg Kα X-ray (1253.6 eV) or Al Kα X-ray (1486.6 eV) are used as an X-ray 

source in XPS measurement. In this work, all the measurements were carried out with an Al Kα 

X-ray source in a PHI 5400 XPS system. The schematic of a typical XPS is shown in Figure 4.4.  

 

Figure 4.4: X-ray photoelectron spectroscopy system schematic. 

The ejected photoelectrons must pass through electron optics and a hemispherical analyzer before 

encountering the detector. Electron optics includes a two-stage electrostatic lens which focuses 

photoelectrons onto the entrance slit to the analyzer and deaccelerates them to a kinetic energy 

value known as pass energy. The main role of an analyzer is to invetsigate 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. Depending 

upon the resistivity of the sample, positive charging effects due to electron loss can make a 
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significant difference in spectra and cause issues in data collection. To resolve this issue, our lab 

XPS is equipped with a neutralizer which consists of an electron gun source to shower the sample 

with electrons during data acquisition and minimize the accumulation of charged holes in a 

material. Extra care must be taken during data analysis by shifting the binding energies by proper 

amounts to correct the undesired binding energy shifting effect. The lab set up of the XPS system 

in Auburn FINO lab (our lab) is shown in Figure 4.5.  

 

 

Figure 4.5: Auburn FINO Lab XPS system. 

Precise control of x-ray wavelength with the help of monochromator allows us to determine the 

binding energy (EB) of a photoelectron via the equation: 

                                                            𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = ℎν = 𝐸𝐵 + 𝛷𝑆 + 𝐸𝑘′                                (1) 
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where 𝛷𝑆 is the work function of a sample and 𝐸𝑘′ is the kinetic energy of the emitted electron. As 

an ejected photoelectron has to pass through the XPS analyzer, an actual kinetic energy of an 

emitted electron is related to the work function of the XPS, 𝛷𝐴, and kinetic energy measured by 

detector, 𝐸𝑘, as 

                                                        𝐸𝑘′ = 𝐸𝑘 + 𝛷𝐴 − 𝛷𝑆                                            (2) 

Arranging equation (2) using equation (1), the binding energy of an electron can be calculated as, 

                                                        𝐸𝐵 = ℎν − 𝐸𝑘 − 𝛷𝐴                                              (3) 

Hence, the binding energy of an ejected photoelectron depends upon the XPS instrumentation 

rather than on the work function of a material and kinetic energy of the emitted electrons. 

XPS can measure different types of peaks in spectra from a single measurement, providing 

signature of multiple phenomena related to the sample. Some of the major peak types observed in 

XPS measurements are spin doublet, multiplet splitting, shake-up satellite and Auger peaks. When 

a photoelectron is emitted from an orbital with an angular momentum quantum number, l > 0, spin 

and angular momenta in the final state couples to exhibit two core level peaks that are called spin-

orbit doublet peaks. The second major peak is multiplet splitting, in which spin and angular 

momenta of electrons in different core orbitals of a photoionized atom can couple with unpaired 

valence electrons of the same atom to produce multiplicity in the final states. This phenomenon is 

common in transition metal ions that have partially filled orbitals. Among many other properties 

of a material, the ionic nature of photoionized materials forces valence electrons to undergo charge 

rearrangement among the available orbitals. When a valence electron is excited to an unoccupied 

state of higher energy, it gives rise to another major feature at a lower kinetic energy of the primary 
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core level known as shake-up peaks. These peaks are useful to determine bonding environment 

within the materials. On the other hand, Auger peaks are one of the routinely observed major peaks 

in XPS spectra. These peaks appear when rearranging valence electrons produces enough energy 

to knock out secondary electrons from the atom. These peaks are useful for elemental identification 

though they often impose complications in quantification when they appear close to core level 

peaks. 

As discussed above, peak position, shapes, and intensities from XPS measurement largely helps 

to characterize epitaxial thin films, surfaces, and interface. Core level relative peak heights from 

XPS scans can provide rough estimates of the cation ratios in a material for stoichiometry. More 

precisely, areas under the core level peaks calculated with appropriate constraints are a useful 

means to check the stoichiometry of a sample especially in the case of in-vacuo XPS. Along with 

stoichiometry determination, contaminants, surface terminations, oxide surface chemistry, 

interfacial chemistry and intermixing, band alignment and interfacial charge transfer can be 

quantified from XPS spectra. 

4.2.1 X-ray Photoelectron Spectroscopy Scans 

Before acquiring data, a sample must be aligned using alignment knobs at three dimensions to 

maximize the electron counts collected by the detector. Also, charging effects must be minimized 

as much as possible by adjusting the emission current with the neutralizer set up using the electron 

flood gun.  The use of an electron flood gun is crucial for samples grown on the non-conducting 

substrates with large band gap such as GdScO3, as they exhibit a strong charging effect. The use 

of an electron flood gun creates complexity primarily in valence band analysis which is vital for 

band alignment if epitaxial heterostructures. After sample alignment, XPS spectra can be acquired 
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by scanning a sample in two different modes. One is known as a survey, and the other is a 

multiplex. 

4.2.1.1 Survey Scan 

Surveys are quick but broad scans within a large energy range (1400 eV to -10 eV, in our case) 

with a high pass energy (178.5 eV) at the expense of energy resolution. This scan reveals most of 

the elemental signatures present in the material as shown in Figure 4.6 in case of SNO epitaxial 

thin films grown on STO substrate. Film thickness can be calculated from an XPS survey scan by 

referring to the intensity of substrate signature peaks if the probing thickness of the XPS is 

available. In Figure 4.6, Sr 3d signal is coming from both the substrate and the film, while Ti 3d 

signal is exclusively from the substrate, and the appearance of a Ti 3d peak indicates that the film 

is not thick enough. In this way, XPS probes to the substrate through the film. Because any shared 

elemental composition between a film and a substrate makes characterization of the sample 

stoichiometry difficult, even during in vacuo XPS, extra caution must be taken while selecting the 

substrate for epitaxial ultra-thin film growth. On the other hand, relative peak heights from the 

survey scan can be used to estimate the stoichiometry of the sample. Additionally, contaminants 

in the sample can be inferred from the signature of their elemental peak in a survey scan. In an ex-

situ XPS, contaminants are usually hydroxides and hydrocarbons from atmospheric exposure. In-

situ XPS does not have to deal with these contaminants, so that these impurities can be largely 

reduced or eliminated, which is greatly advantageous in ultraclean thin film synthesis for studying 

surfaces and subsequent interfacial properties [140]. Most importantly, XPS survey scans are 

critical in establishing a better growth recipe for speeding the growth process. 
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Figure 4.6: XPS survey of SrNbO3 film on SrTiO3 substrate. 

4.2.1.2 Multiplex Scan 

Multiplexes are scans of individual core levels with a low pass energy (35.5 eV) that maintains a 

higher energy resolution. As the area under the curve of a core level can be used to compute the 

quantity of atomic sites, core level scans are crucial in evaluating the stoichiometry of a sample. 

Peak positions of the core level and the presence of any extra peaks are clearly visible in this scan 

as shown in Figure 4.7 for Nb 3d core level in a SNO growth sample. The presence of an extra 

peak at lower binding energy besides the core level peaks is indication of a niobium oxidation state 

lower than a 5+ state. The peak position, which is critical in determining the binding energy of a 

metallic site, can be shifted by different bonding environments. The existence of an additional 

peak closer to the main core level peak indicates a mixed oxidation state of an element. 
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Figure 4.7: Nb 3d core level from SrNbO3 film grown on Nb doped SrTiO3. 

4.2.1.3 X-ray Photoelectron Spectroscopy Data Analysis 

Among three different file formats obtained from XPS scan, “.txt” format can be used to analyze 

the XPS data. Different software can be used to quantify the data for XPS analysis, including 

CasaXPS [141,142], which is used in this work. CasaXPS is a user-friendly XPS data analyzing 

tool to make choices on background types for background subtraction, and for creating multiple 

artificial components with built-in constraints during analysis. Among backgrounds, one is the 

widely used Shirley background which is used in this work to subtract a proper background from 

spectra while quantifying the core level areas. While comparing the core level peak shapes and 
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intensities among different samples, the overlaying option in CasaXPS is beneficial for assessing 

stoichiometry and chemical state. One of the important features in data analysis is the 

quantification of core levels where major characteristics of a sample are buried. The primary core 

level can be broken down into multiple components to represent the different oxidation states of 

an element which is useful in finding stoichiometry, bonding environment, and chemical state of 

a material.  

4.3 X-ray Diffraction 

X-ray diffraction (XRD) is a bulk sensitive technique where diffraction occurs when elastically 

scattered X-rays from the atoms of a crystal interfere constructively. To achieve a diffraction 

phenomenon in crystals, X-rays of wavelength between 0.5 Å to 5 Å are required since crystals 

made up of regularly spaced atoms often have interatomic spacings of a few angstroms. An X-ray 

source of Cu Kα having wavelength of ~1.54 Å is often used to carry out XRD measurements. The 

XRD uses the size and orientations of the unit cells of materials to provide structural 

information [143]. Notably, the periodicity of the lattice allows diffraction from a crystal in 

specific directions that satisfy Bragg's law [144]. According to Bragg’s law, when a beam of 

parallel and monochromatic X-rays is scattered from a crystal made up of atomic planes separated 

by dhkl, constructive interference occurs when the path difference between the interfering X-rays 

(2dhklsinθ) is an integer multiple of the wavelength (λ), written as 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛𝜆 

where θ is the angle formed by the incident beam and the crystal surface, and n is the reflection 

order. As a result, intensity maxima are detected at specific angles known as Bragg angles, which 
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are characteristic of the planar distance dhkl. The interplanar spacing (dhkl) is related to the lattice 

parameter (a) of a cubic crystal as  

𝑑ℎ𝑘𝑙 =
𝑎

√ℎ2 + 𝑘2 + 𝑙2
 

Hence useful information on symmetry, lattice parameters, texture, grain size, and microstrain can 

be collected by the diffraction pattern [145]. In this study, high-resolution X-ray diffraction 

(HRXRD) is carried out to check the thin film crystallinity and for estimation of thicknesses of an 

epitaxial film. 

4.3.1 High Resolution X-ray Diffraction 

High resolution X-ray diffraction (HRXRD) is a collection of non-destructive analysis processes 

for crystalline structured materials that are mainly layered and nearly perfect. Understanding the 

structural properties that can be revealed and quantified are crucial for the successful utilization of 

such materials. A monochromatic X-ray beam with a well-defined wavelength spread and low 

angular divergence is required for HRXRD experiments on epitaxial layers, heterostructures, and 

superlattice systems. Compared to regular XRD, HRXRD is suited with monochromators that can 

filter out Cu Kα2 along with other undesired radiation that plays a role in improper constructive 

interference due to different wavelengths from the X-ray source. Out-of-plane XRD scanning is 

one of the popular scan modes in HRXRD to obtain structural information of thin film single 

crystals. In this work, out-of-plane XRD spectra of SNO samples were gathered using a Rigaku 

SmartLab diffractometer system with a Cu Kα1 source filtered appropriately for thin film samples 

using a parabolic mirror and double bounce Ge (220) monochromator. Also, 2θ-ω scans on the 

(002) reflection of the STO samples using a Malvern Panalytical X'Pert3 Diffractometer with a 
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four-circle goniometer and a Cu Kα1 radiation line isolated with a double bounce Ge (111) 

monochromator was employed. 

 

Figure 4.8:  Specular diffraction where scattering vector q is connected to incident wave vector KI 

and diffracted wave vector KD.  

Out-of-plane XRD, is well suited to examine thin films with homogeneous crystal orientation, 

such as STO and SNO, because it is solely sensitive to the out-of-plane lattice direction. According 

to Bragg's law, highly crystalline samples produce peaks at specific X-ray path angles, and the 

presence of these characteristic peaks validates the crystal lattice. The scattering vector, q is 

defined as, 𝒒 = 𝑲𝑫 − 𝑲𝑰 where KD and KI are diffracted and incident wave vectors, respectively. 

When specular diffraction occurs, the scattering vector, q, points in the z-direction and its 
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magnitude can be expressed as, 𝑞 = 𝑞𝑧 = 2𝑘 sin 𝜃 =
4𝜋

𝜆
sin 𝜃 when the crystallographic planes are 

parallel to the crystal surface, as illustrated in Figure 4.8. This is because the wave vector can be 

expressed as 𝑘 =
2𝜋

𝜆
. 

 

Figure 4.9: High resolution X-ray diffraction patterns for 20 nm SrTiO3 film on SrTiO3 substrate 

with Keissing fringes labelled. 

Another noteworthy feature is the Kiessig fringes of the Bragg peak, as shown in Figure 4.9 for 

the homoepitaxial STO film. The reflected X-rays from the surface of a film and the interface 

between the film and the substrate interfere constructively and destructively, forming a series of 

fringes around the Bragg peak to form Kiessig fringes [146]. Substrate peaks are significantly 

sharper and higher in intensity compared to the film peaks due to their greater thickness. Presence 

of these fringes provides the signature of atomically smooth films and substrate interfaces. 
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Additionally, the fringes’ frequency can also be used to calculate the film thickness. In HRXRD 

measurements, a highly crystalline single-phase films with nanometer range thickness shows a 

clear peak position which can be used to calculate the out of plane lattice parameters using the 

Bragg equation. 

4.4 Atomic Force Microscopy 

Atomic force microscopy (AFM) is one of the routinely used experimental tools for characterizing 

a sample surface. The AFM is capable of extracting information on surface roughness, friction, 

thickness, conductivity, capacitance, dislocations, and homogeneity of the scanned surface. The 

AFM is sophisticated with very sharp tip cantilever as shown in Figure 4.10 to scan over the surface 

of the sample. Depending on the attractive or repulsive force between the tip and the sample 

surface, the cantilever deflects towards or away from the surface of the sample respectively. During 

the measurement, a laser beam reflected from the flat surface of the cantilever is focused at the 

surface of a position sensitive photodiode to detect the deflection of the cantilever [147]. Raised 

and lowered features of topography variance on the surface of a sample influences the deflection 

of the cantilever which is monitored by the position sensitive photodiode. The feedback loop is 

used to control the force (or height) of the tip above the surface so that the magnitude of the force 

between the tip and the sample surface is kept minimum. Following all these steps, AFM generates 

an accurate topographic map of the surface of a sample.  
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Figure 4.10: Schematic of Atomic Force Microscopy set-up. 

Based on the interaction of the tip and the sample surface, AFMs operate in contact mode 

(repulsive), non-contact mode (attractive), or tapping mode [148]. In this work, non-contact mode 

scans were performed on epitaxially grown STO and SNO thin films. Contact mode scans provide 

comparatively higher resolution images than non-contact mode, but the electrostatic and tension 

forces pull the scanning tip toward the surface which can damage the sample and distort the image 

data. On the other hand, tapping mode is used for scanning very soft and fragile samples thereby 

excluding destructive forces but still reaching high-resolution images. Using Park Systems’ XE7 

AFM, we have performed AFM scans of varying topography map areas as large as 5 x 5 μm2 to 

measure the root-mean-square (rms) surface roughness of the hMBE grown epitaxial perovskite 

oxide thin films. 

4.5 X-ray Absorption Spectroscopy 

X-ray absorption spectroscopy (XAS) is a commonly used technique in a variety of disciplines to 

determine the chemical state of a material. XAS is a popular bulk-sensitive experimental technique 
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that offers information on atomic valence, coordination, and bond lengths among other material 

properties. In this technique, inner core level electrons are knocked out from the atom to an outer 

unoccupied valence state, and another inner-shell electron will then fall back producing secondary 

x-rays (fluorescent x-ray) [149]. This is why the approach is also known as x-ray in and x-ray out 

technique. The XAS measurement requires highly energetic but continuous-wavelength x-ray 

sources that demands reservation of beam time at synchrotron facilities such as those found at 

national laboratories. The range of incoming X-ray energy that excite 1s electrons to unoccupied 

states is referred to as the K-edge area of the XAS spectra. Although different absorption edges 

can be acquired from XAS spectra, the K-edge is most frequently carried out since it is simpler to 

analyze without missing valuable information.  

XAS spectra are subdivided into two regions: X-ray absorption near edge structure (XANES) and 

extended X-ray absorption fine structure (EXAFS). The K-edge shelf, which is a huge increase in 

intensity that signifies incident X-ray energy that is sufficient to excite 1s electrons to unoccupied 

states, is the most prominent characteristic of XANES. Pre-edge peaks that emerge due to 

structural factors such as coordination environment of the cations is another feature of XANES. 

Relative shifts of the K-edge shelf towards higher binding energy in the XANES region indicates 

a higher cation valence. Pre-edge peaks can be seen in K-edge XAS spectra at energies below the 

characteristic K-edge shelf. Multiple material qualities such as symmetry, and structural 

deformation are inferred by these pre-edge peaks. EXAFS shows periodic variations in fluorescent 

X-ray intensity that come from the interaction of excited 1s electrons with neighboring atoms. In 

this study X-ray absorption near edge spectroscopy (XANES) is carried out on the Nb K-edge to 

check the oxidation state of Nb atoms. All XAS Fluorescence data was collected at the Advanced 

Photon Source of Argonne National Laboratory at Sector-20 BM. 
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4.6 Scanning Tunneling Microscopy 

The scanning tunneling microscope (STM) involves a surface-sensitive probe that can image 

surfaces at the atomic level and also provides a three-dimensional profile of the surface. The STM 

works by the principle of quantum tunneling effect. Since STM measurements require a closed 

electrical loop to flow tunneling current, samples must be prepared on conducting substrates to 

carry out the measurements. For imaging, an electrochemically etched tungsten tip is employed. 

When an electric potential difference is set up between the tip and the sample, electrons from a 

sample tunnel through the tip. The amplitude of the tunneling current is determined by the surface 

of the sample. Larger distances between the surface and the tip means lower tunneling current, and 

smaller distances between the surface and the tip means higher tunneling current. Eventually, the 

amplitude of the tunneling current produced by tunneling electrons is amplified and is sent to a 

computer to generate data and plots. STM results were presented in chapter 5 as measured by an 

Omicron Nanotechnology Variable Temperature Scanning Probe Microscopy (VT-SPM) system, 

and the topography images were analyzed with the open-source software, Gwyddion [150].  

4.7 Low Energy Electron Diffraction/Microscopy 

The diffraction patterns in low energy electron diffraction (LEED) are obtained by using an 

electron gun that produces monochromatic low energy electrons (10-600 eV). If the crystal surface 

is as wide as the electron beam De-Broglie wavelength, elastically backscattered electrons diffract 

that satisfy Laue's condition. Qualitatively, LEED is advantageous in mapping symmetry of the 

surface structure and is useful to study crystal reconstruction at the sample surface. On the other 

hand, I-V curves can be fitted to provide accurate atomic positions at the sample surface. In low 

energy electron microscopy (LEEM) measurements, the high energy electrons (10-20 keV) are 

retarded before reaching the sample surface with lower energy (10-100 eV) and are back-
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accelerated when reflected off the surface beyond the objective lens. For bright field imaging, a 

specular reflected beam is used while frequently diffracted beams are used for dark field imaging. 

In this work, both LEED and LEEM measurements were carried out in the XPEEM/LEEM 

endstation of the electron spectro-microscopy (21-ID-2) beamline at the National Synchrotron 

Light Source II [151]. 
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Abstract: Hybrid oxide molecular beam epitaxy (hMBE), a thin-film deposition technique in 

which transition metal cations are delivered using a metal-organic precursor, has emerged as the 

state-of-the-art approach to the synthesis of electronic-grade complex oxide films with a 

stoichiometric growth window. However, numerous questions remain regarding the chemical 

mechanisms of the growth process and the surface properties of the resulting films. To examine 

these properties, thin film SrTiO3 (STO) was prepared by hMBE using a titanium tetraisopropoxide 

(TTIP) precursor for Ti delivery and an elemental Sr source on annealed STO and Nb-doped STO 

substrates with varying TTIP:Sr flux ratios to examine the conditions for the reported 
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stoichiometric growth window. The films were transferred in vacuo to an x-ray photoelectron 

spectroscopy system to study the surface elemental composition. Samples were examined using x-

ray diffraction to compare our surface sensitive results with previously reported measurements of 

the bulk of the films in the literature. Ex situ studies by atomic force microscopy, scanning 

tunneling microscopy and low energy electron microscopy confirmed the presence of surface 

reconstructions and an Ehrlich-Schwoebel barrier consistent with an A-site SrO termination. We 

find that a surface exhibiting a mixture of SrO and TiO2 termination, or a full SrO termination is 

necessary to obtain stoichiometric adsorption-controlled growth. These results indicate that 

surface Sr is necessary to maintain chemical equilibrium for stoichiometric growth during the 

hMBE process, which is important for the design of future interfacial systems using this technique.  
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5.1 Introduction: 

Novel properties governed by the polar discontinuity at a heterojunction have been a central focus of 

oxide thin film research for over a decade. The electronic reconstruction at the interface due to the 

polar discontinuity between oxides layer can generate high mobility two-dimensional electron gas 

(2DEG) [152,153]. Atomic-scale control of interfacial terminations between polar and non-polar 

materials has led to a variety of emergent phenomena with potential applications for energy and 

electronic technologies. Beyond 2DEG systems, studies of polar/non-polar LaFeO3/SrTiO3 

interfaces [154–156] and the subsequent demonstration of photocatalytic behavior [157] reflects the 

importance of understanding interfacial structures and defects in these materials with a great deal of 

precision for future electronic and energy devices. To engineer these materials, however, careful 

control over the synthesis process is required, which has led to the continued improvement of epitaxial 

growth techniques.  

The epitaxial growth of atomic scale complex oxide thin films has been achieved by pulsed laser 

deposition (PLD) and molecular beam epitaxy (MBE) over the past 30 years. However, compared to 

the growth of traditional semiconductors, growth of complex oxides is challenging due to the lack of 

an adsorption-controlled growth window in MBE. Established oxide MBE employs effusion cells for 

each element, and recipes have been developed for the growth of SrTiO3 (STO) and other materials 

that typically use alternating deposition of the A-site and B-site cations, allowing for stoichiometry 

control down to ~1% precision [158]. Achieving even more precise stoichiometric control, which is 

necessary for control of defect and dopant inventories, however, has proven challenging. Additional 

difficulties arise from the challenge to maintain stable evaporation rates for low vapor pressure and 
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refractive elements in the requisite oxygen environment. These challenges can be overcome by using 

metal-organic precursors rather than elemental sources, which are promising alternatives to traditional 

oxide MBE. Hybrid MBE (hMBE) is a well-known technique for the implementation of mixed type 

sources combining elemental effusion cells for A-site cations and metal organic precursors for 

transition metal B-site cations in reactive oxygen sources.  

Epitaxial growth for several refractory metal oxides, including vanadates, zirconates, and titanates, 

relies on hMBE [159–166]. Unexpectedly, hMBE was found to exhibit an adsorption-controlled 

growth window for stoichiometric STO growth when a titanium tetraisopropoxide (TTIP) precursor 

was used for titanium delivery in conjunction with evaporation of Sr from a conventional effusion 

cell [164]. The self-regulated growth window provides an avenue to control the stoichiometry of both 

the cations and anions which compensates unavoidable drift in effusion cell fluxes over the course of 

the growth. The presence of a growth window for STO via hMBE is now well-established and has 

led to the highest mobility n-STO films on record [163,167]. STO is one of the most widely studied 

perovskite oxide structures in terms of bulk and surface properties due to its unique properties along 

with the simple cubic structure. A growth window has also been reported for several other materials, 

including SrVO3 [165] and BaSnO3 [168], yielding some of the best electronic properties reported to 

date in these materials. However, evaluating the presence of a growth window for STO and other 

complex oxides has focused primarily on bulk parameters to determine if defects are present within 

the material. X-ray diffraction (XRD) studies of the strong dependence of the film lattice parameters 

on stoichiometry have traditionally been used to evaluate the growth window [2,8–11]. However, 

XRD and transport measurements are primarily sensitive to the bulk properties of a film and surface 

studies of hMBE films have been quite limited. Understanding the film surface is critical for the 
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engineering of emergent properties across dissimilar interfaces including polar/non-polar 

heterostructures. 

To date, in most heterostructures grown by hMBE only the A-site cation has been varied, while 

chemical continuity was maintained across the B-site [171–173]. However, in multilayer structures 

combining dissimilar A-site and B-site cations, control of the interfacial termination is critical to 

designing functional properties [154,174,175]. The surface of hybrid-grown STO films is at present 

poorly understood, and growth of complex heterostructures is difficult to achieve in a controlled and 

predictive manner. Furthermore, in spite of decades of studies, the stability of various STO surface 

terminations and reconstructions is still a matter of great debate [176–179]. In the case of hMBE 

growth, these studies are confounded by the growth environment, where the residue of the metal-

organic precursor may introduce carbon and hydrogen as well as the transition metal cation. In most 

STO hMBE film growth, in situ reflection high energy electron diffraction (RHEED) has been applied 

to monitor the growth in real time domain, though in-vacuo X-ray photoelectron spectroscopy (XPS) 

studies have never been reported. RHEED measurements have been important for quantifying the 

surface reconstructions to establish a growth window, with reports that a c(4×4) surface 

reconstruction is indicative of the best film stoichiometry as determined through XRD and electron 

mobility measurements [161]. However, the actual surface termination and chemistry of hybrid-

grown STO films has never been reported, which is the subject of this work. 

Here we focus on characterization of the surface stoichiometry of the hMBE grown film using in 

vacuo XPS [180] and quantify the critical growth window. Measurement of the surface termination 

and bonding of hMBE grown oxides delivers the relationship between surface chemistry and the 

growth window, which has previously been reported for the bulk material and was established with 
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XRD. The in-vacuo characterization eliminates efficiently carbon contamination, [162], as well as 

determination of water and hydrogen adsorption due to residual hydrocarbons in the growth chamber 

after TTIP decomposition [177]. We examine the surface of STO films grown by hMBE using in situ 

and ex situ surface techniques, including RHEED, XPS, scanning tunneling microscopy (STM), and 

low-energy electron diffraction and microscopy (LEED/LEEM) to understand the stable surface 

under the unusual growth conditions present during hMBE. We show that the presence of surface SrO 

is crucial to the growth of stoichiometric STO and subject to a complex surface chemistry which is 

not yet well understood.  

5.2 Experiment: 

STO thin films were grown on air annealed 10×10×0.5 mm3 (001) STO single crystal substrates (MTI 

Crystal) in a Mantis MBE reactor with a baseline pressure of ~10-9 Torr. Air annealing of the STO 

substrates in a tube furnace at 1000 °C maintains a mixed surface termination of TiO2 and SrO because 

no buffered oxide etching was employed [181]. The substrates were ultrasonically cleaned in acetone 

and isopropanol respectively and dried with dry nitrogen gas. All substrates were cleaned in oxygen 

plasma in the MBE growth chamber by ramping to the 1000 °C growth temperature over ~1 hour as 

measured by thermocouple [160,161]. We estimate that the setpoint is ~150-200 °C higher than 

substrate surface temperature due to the absence of backside substrate metallization, resulting in an 

STO surface temperature between 800 and 850 °C. Growth and cleaning were performed in a 

background pressure of ~3×10-6 Torr O2 with an RF plasma source driven at 300 W to supply O atoms 

to increase oxygen chemical potential at the substrate surface. Strontium (99.99%, Sigma-Aldrich, 

USA) was supplied through a low temperature effusion cell. The Sr flux was calibrated using QCM 

under oxygen environment with a chamber pressure of 3×10-6 Torr. Titanium was supplied through a 

gas source using a metalorganic precursor TTIP (99.999%, Sigma-Aldrich, USA) from a bubbler that 
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was connected through the gas inlet system to the growth chamber  [160]. No carrier gas was used. 

The growth chamber shroud walls were maintained at -30 °C via a closed loop chiller and low 

temperature fluid (Syltherm XLT, Dow Chemical) to reduce the background water vapor pressure 

from the dissociated TTIP molecules. However, the chamber pressure measured by cold cathode 

gauge generally increases and reaches up to ~5×10-6 Torr for the first 5-10 minutes during growth 

before stabilizing due to the dissociated and unreacted TTIP injected into the system. The plasma was 

left on while cooling the film to below 300 °C. An additional sample was prepared on an annealed 

STO substrate by depositing one monolayer of SrO to produce a nominally SrO-terminated STO 

sample for XPS calibration. 

A series of seven samples was grown at differing TTIP:Sr flux ratios where the Sr flux was held fixed 

and the TTIP gas inlet line pressure was varied. Samples are coded numerically throughout this work 

by the ratio of the pressure of the TTIP in the gas injection line in mTorr to the flux of SrO measured 

by quartz crystal microbalance (QCM) in Å/sec. While the units of these numbers cannot be compared 

to the literature, they serve as a proxy for comparison to reports made by other groups using beam 

flux pressures [160]. Drift in the Sr flux during the course of the growth is the primary source of 

uncertainty in TTIP:Sr flux ratios and is assumed to produce a 2% error bar in the ratios, which is 

consistent with other reports of cell drift [182].  

In situ RHEED (Staib Instrument) was used to monitor the growth process and the quality of the film. 

RHEED intensity oscillations were used to estimate the growth rate, which was corroborated by 

measuring the spacing of the interference fringes in XRD scans to calculate the film thickness and 

dividing by the overall growth time. Growth rates were ~4.5 Å/min. Videos of the RHEED patterns 

were recorded and analyzed using k-means clustering and principal component analysis (PCA) codes 
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developed at Auburn and inspired by previous work by Vasudevan et al. [183]. PCA compresses the 

data while retaining the most statistically relevant features, producing a new dataset of orthogonal 

principle components and time-dependent loadings. The reduced data set is grouped into time clusters 

using k-means clustering, an unsupervised machine learning technique that groups the frames based 

on their statistical distance to the mean image of the cluster. This analysis captures any changes or 

transitions in the RHEED pattern at the time of occurrence in the growth. More information about 

this technique is described elsewhere [184]. 

Post-growth the samples were transferred from the MBE reactor to the PHI 5400 XPS 

(monochromatic Al Kα X-ray source) system through ultra-high vacuum (UHV) transfer line  [180]. 

Core level peaks were measured with a pass energy of 17.9 eV. An electron neutralizer gun was 

applied to compensate charging of the insulating samples. The surface stoichiometry of all grown 

samples was characterized by analyzing core level XPS spectra measured with base pressure of 

~1×10-9 Torr. Analysis of the XPS data was performed using CasaXPS, with a Shirley background 

subtraction and Gaussian-Lorentzian (Voigt) peak shape. To properly align all core level peaks, the 

O 1s peak was aligned to place the lowest binding energy peak at 530.0 eV, which corresponds to 

oxygen bonded to metal cations in the STO film. Measurements were made at 45° and 70° electron 

takeoff angles to vary the degree of surface sensitivity, with 45° providing a more bulk-sensitive 

probe of stoichiometry and 70° a more surface-sensitive. We assume in our analysis that electron 

forward focusing effects, commonly referred to as X-ray photoelectron diffraction, are negligible 

between samples. A Malvern Panalytical X'Pert³ Diffractometer equipped with a 4-circle goniometer 

and using Cu Kα1 radiation line isolated with double bounce Ge (111) monochromator was used for 

2θ-ω scans on the (002) reflection of the STO samples.  
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Further LEED/LEEM measurements were carried out in the XPEEM/LEEM endstation of the 

Electron Spectro-Microscopy (ESM, 21-ID-2) beamline at the National Synchrotron Light Source 

II  [185] on an STO sample grown on a Nb-doped STO substrate. The sample was degassed at 120 C 

with a pressure of 610-10 Torr for 1 hour. The sample was then annealed in a preparation chamber at 

a pressure of 210-6 Torr of O2 at 500 C for 30 mins and cooled down in the same pressure of O2 to 

room temperature to remove surface contamination. In this system, the electron-beam spot size in the 

LEED mode is 1.5 m in diameter and the spatial resolution in the LEEM mode is < 10 nm [186]. 

The base pressure of the analysis chamber is 2×10-10 Torr. 

STM was performed on the STO sample grown on a Nb-doped STO substrate with a base pressure of 

3.010-10 Torr using an Omicron Nanotechnology Variable Temperature Scanning Probe Microscopy 

(VT-SPM) system. Imaging was conducted with an electrochemically etched tungsten tip at ambient 

temperature, and the topography images were analyzed with the open-source software 

Gwyddion  [187]. The images have been leveled, and the color range was adjusted for the purpose of 

illustration. The sample was heated to 450°C with 310-8 Torr of O2 for 3 hours prior to imaging to 

remove ambient contamination. Imaging condition, unless stated otherwise, were bias voltage 

Vbias=2.0V, and tunneling current It=0.1 nA which yielded the best imaging conditions. The residual 

roughness on the terraces can be attributed to air exposure of the sample; more aggressive in-situ 

treatment was avoided to conserve the terrace structure formed after growth. Higher resolution images 

of the round features on the terraces remained elusive but the morphology on the terraces was 

observed consistently over the entire sample surface. 
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5.3 Results and Discussion:    

Figure 5.1 shows the RHEED patterns after growth and cool-down for five of the seven samples 

grown on undoped STO substrates along <110> and <100> azimuth. The RHEED patterns show 

strong diffraction peaks and additional intermediate peaks due to surface reconstructions in films with 

low TTIP:Sr flux (ratios of 740, 780, and 856) compared to films with a higher flux ratio. Images for 

samples 758 and 798 are shown in the Supplemental Information. The strong Kikuchi lines reflect the 

high crystal quality of the film. Faint surface reconstructions are observed for samples 740, 780, and 

856 along (100) and/or (110) but specific determination of the nature of the reconstruction is 

challenging. Films with higher TTIP:Sr flux (Figure 5.1(d-e)) show streaky RHEED patterns rather 

than intense spots indicating that the film is Ti-rich with high defect concentrations.  

 

Figure 5.1: RHEED images (a)-(e) along 110 and 100 planes with increasing Ti:Sr peak area ratios 

as measured by XPS. Color-coded numbers match the samples to those in Figure 5.2. Calibrated flux 

ratios for each sample are shown in the center. 

XPS measurements immediately after growth focused on quantifying Ti:Sr peak area ratios to 

determine surface and bulk film stoichiometry. Figure 5.2(a) shows the normalized area ratio of Ti 

2p to the Sr 3d core level as a function of TTIP:Sr flux at photoelectrons takeoff angles of 45° and 

70°. The dashed grey, red and purple lines represent the B-site to A-site core level area ratio for an air 

annealed STO substrate, air annealed Nb-doped STO substrate, and STO substrate after deposition of 

one monolayer of SrO, respectively. These references were helpful to maintain the same nominal 



 69 

stoichiometry and cation ratio for the STO film grown on Nb:STO substrate. With increasing TTIP:Sr 

flux the area ratio also increases, except for the sample with a TTIP:Sr ratio of 856. Deviation in XPS 

peak area ratios for the 856 sample away from the monotonic increase shown in the other samples is 

most likely attributable to drift or slight miscalibration in the Sr source flux. As the surface sensitivity 

of the XPS measurements increases with electron emission angle, the changes in area ratio can be 

used to infer the primary surface termination of the sample. In fact, simply by changing the STO 

termination from SrO to TiO2, one can expect to see a significant change in the Ti 2p:Sr 3d peak area 

ratio of approximately 20% (see Appendix A, Supplemental Information Section 1 for details).  

In addition to studies of the Sr:Ti cation ratios, possible carbon contamination has also been resolved 

in the STO films through XPS. As the TTIP precursor contains large amounts of carbon, there have 

been long-standing questions as to the presence of carbon in the bulk of the film or on the 

surface [162]. In our core level XPS scan (see Appendix A, Supplemental Information Figure S1), 

we found the C 1s peak was negligibly small in comparison with the nearby Sr 3p peaks, which could 

be from the adsorption of carbon during the time required to transfer the sample and perform XPS 

measurements. Together with previous measurements [162], this suggests that hMBE samples grown 

with activated oxygen plasma do not have significant carbon contamination. Whether this is also the 

case for samples grown in molecular oxygen will be determined in future work.  
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Figure 5.2: (a) Normalized area ratio of Ti 2p3/2 to Sr 3d5/2 as a function of TTIP pressure to Sr flux 

ratio at 45° and 70° electron emission angle in XPS. Error bars for the peak area ratios are smaller 

than the graphical data points. (b) Intensity as a function of 2θ for XRD scans on (002) Bragg peak. 

In Figure 5.2(b), XRD scans are shown for all seven films along with an air annealed plain STO 

substrate (black). A single XRD peak for a homoepitaxial film results from out-of-plane lattice 

matching between the substrate and film and is indicative of a stoichiometric sample with a pristine 

film-substrate interface with no contamination from atmospheric elements such as carbon [169]. Off-

stoichiometric samples produce a secondary film peak at smaller values of 2θ consistent with a larger 

out-of-plane lattice parameter. The 740, 758, and 780 samples are stoichiometric whereas the 798 and 

856 are slightly off-stoichiometric. The 837 and 880 samples have clear secondary peaks indicating 

significant off-stoichiometry in the films.  

In comparison to the XRD measurements, XPS is highly surface sensitive. The more bulk sensitive 

45° measurements from XPS for stoichiometric samples (740, 758 and 780) reflect a smaller than 

expected Ti 2p:Sr 3d ratio when compared to the single crystal references, with ratios between 0.6 

and 0.7. At the more surface sensitive 70° emission angle, we observe that the Ti 2p:Sr 3d area ratio 
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of the 780 sample decreases, indicating a majority SrO termination. Meanwhile, samples 740 and 758 

change only slightly, suggesting a mixed termination with greater concentrations of surface SrO than 

either of the single crystal references. Comparisons of Ti 2p peak fits for stoichiometric and off-

stoichiometric samples (see Figure S8) confirm that there is no difference in Ti valence between 

samples, indicating that the off-stoichiometry is not attributable to differences in oxygen vacancy 

concentrations between samples. Previous work has indicated that changes to oxygen stoichiometry 

produce only 0.001-0.002 Å change in lattice parameter, which is barely detectable even in bulk 

samples [188] and thus not likely to cause the diffraction peaks we measure. 

Given the observed XPS peak area ratio from Figure 5.2(a), it seems likely that the off-stoichiometric 

samples (798, 837, 856, and 880) are Ti rich and contain Sr vacancies that expand the lattice constant 

of the film. Conversely, samples with Ti 2p:Sr 3d area ratios less than those of the single crystal 

substrates (samples 740, 758, and 780) were found to be stoichiometric as measured by XRD. The 

similarity of sample 798 to the Nb:STO reference suggests that it is majority TiO2 terminated. The 

TiO2 termination, greater peak area ratio, and greater TTIP flux in comparison to the three 

stoichiometric samples indicate that the sample is Ti rich. This conclusion can be attributed to some 

excess Ti floating towards the surface, as has been reported by others for off-stoichiometric STO 

growth [180,189–191]. The nearly monotonic increase in area ratio suggests that the other three 

samples are also Ti rich.  

This somewhat surprising result suggests that more Sr is present on the film surface relative to the 

annealed reference substrates. By comparing the peak area ratio to the SrO-terminated STO substrate, 

we see that the peak area ratios at 45° are very close to that of SrO-terminated STO. As the XPS 

becomes more surface sensitive the weight of signals coming off the top SrO monolayer is 



 72 

significantly greater relative to the 45° measurements resulting relatively low area ratio (See 

Supplemental Information Figure S7). However, the variation in peak area ratios between the more 

bulk-sensitive 45° and more surface-sensitive 70° measurements indicates that the stoichiometric film 

surfaces are not fully SrO terminated. Meanwhile, the angle-resolved measurements for the off-

stoichiometric samples show that they do exhibit majority TiO2 terminations.  

With the unexpected results from the stoichiometry measurements, an understanding of the surface 

chemistry gives insight into the film growth process. To understand the surface chemistry of the films, 

the O 1s peak was further analyzed to determine the surface bonding environment. Figure 5.3 shows 

the deconvolution of the O1s core level using position constraints of 1.1 eV and 2.3 eV higher binding 

energy from the bulk oxygen peak for OH and surface oxygen respectively that has been applied 

elsewhere [192]. The two surface peaks at 1.1 and 2.3 eV have higher binding energies (531.1 eV and 

532.3 eV, respectively) than the STO lattice oxygen, and are more pronounced in the70° orientation 

compared to the 45 ° configuration due to the greater surface sensitivity provided in angle resolved 

XPS. Therefore, the 70° XPS measurement better quantifies the adsorbed water, hydroxyl, and 

undercoordinated oxygen on the surface of the film. A more pronounced 532.3 eV surface peak is 

observed for samples 740 and 780 (Figure 5.3(a-b)). The absence of the 532.3 eV surface component 

for films with higher TTIP:Sr flux ratio indicates that these films are primarily Ti- terminated or Ti-

rich (Figure 5.3(c-e)). The 532.3 eV surface peak was also observed in the SrO-terminated sample, 

as shown in Supplemental Figure S6 (Appendix A). 
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 Figure 5.3: O 1s core level deconvolution with electron emission angle 45° and 70° through (a)-(e). 

Peaks at 530.0 eV, 531.1 eV, and 532.3 eV correspond to lattice oxygen, hydroxyl (OH), and the 

surface oxygen feature, respectively. 

Given that sample 740 has been shown to be stoichiometric and appears to exhibit a partial SrO 

termination, it was chosen for further analysis of the RHEED videos to understand the growth process. 

PCA of the RHEED video for Sample 740 is displayed in Figure 5.4 [184]. By studying the time 
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dependence of the principal components, we can glean the typical information inferred from RHEED 

oscillations with additional understanding of what components of the surface morphology vary with 

time. The first two principal components largely contain features that do not appear to correlate with 

surface evolution during growth. These peaks may originate from a combination of background noise 

due to cryopump vibrations, diffraction off the bulk of the STO substrate, and the centroid of the 

zeroth order RHEED streak, which would all be relatively uncorrelated with the film surface 

evolution. Conversely, oscillations with a frequency that corresponds to a growth rate of 0.45 nm/min 

are apparent in components 3 through 5. The features of components 3 through 5 are consistent with 

2D growth modes observed previously by Vasudevan et al [183]. These oscillations damp out around 

1100-1300 seconds and the RHEED pattern remains uniform for the remainder of the growth. This 

transition is consistent with the disappearance of conventional RHEED oscillations reported by 

Kajdos and Stemmer for stoichiometric films, which was attributed to a transition to step-flow growth 

[161]. However, similar results could likely be observed for any surface that has reached an 

equilibrium termination and maintains a uniform surface roughness. Analysis of the RHEED patterns 

through K-means clustering (see Appendix A, Supplemental Information Figure S2 for more details) 

further supports this interpretation, as the pattern for Sample 740 transitions from an initial pattern 

(or “cluster”) over the first ~1100 seconds to a final cluster that has minimal time variation for the 

remainder of the growth. Collectively, these results indicate that the film surface transforms over the 

first ~1100 seconds (~25 unit cells) from the poorly defined surface present on the air-annealed 

substrate to an equilibrium surface that is largely unchanged for the remainder of the growth.  
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Figure 5.4: Time-dependent eigenvalues (left) and eigenvectors (right) for sample (a) with a constant 

TTIP/Sr flux ratio of 740. 

To summarize the results from the homoepitaxial samples presented thus far, we find that the XRD 

curves in Figure 5.2 verify that films with greater than expected Sr concentrations at or near the 

surface are stoichiometric. Meanwhile those that exhibit Ti:Sr peak area ratios comparable to or 

greater than what is seen in the annealed STO substrates are non-stoichiometric based on XRD 

measurements and are presumably Ti-rich. The observed 532.3 eV O 1s peak for partially SrO 

terminated films compared to the Ti-rich samples is indicative of undercoordinated oxygen, oxygen 

vacancies, hydroxyl formation, or other variations in oxygen chemistry at the STO film surface. PCA 

of the RHEED videos for a stoichiometric film (sample 740) implies uniform growth of the films 

after ~1100 secs with no changes in surface termination or roughness. This is consistent with the 

growth of stoichiometric samples reported previously [160,161,164] and indicates that the film 

surface is in chemical equilibrium with the Sr adatom flux and TTIP and oxygen vapor. Given the 

relative increase in surface Sr that we observe for stoichiometric Samples 740, 758, and 780, this 

suggests that the equilibrium surface for STO films grown by hybrid MBE within the growth window 
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has a partial SrO termination and greater Sr concentrations at the surface than air-annealed single 

crystal substrates. 

To further understand the apparent SrO surface termination of the samples studied thus far, an 

additional sample was grown with the same nominal stoichiometry and cation ratio (~0.6) from the 

XPS analysis as sample 740 on Nb-doped STO (see Appendix A, Supplemental Information Figures 

S3 and S4 for RHEED and XPS data respectively). LEED, LEEM and STM measurements were 

performed for the STO film grown on Nb:STO to visualize the surface termination, reconstruction 

and atomic-scale morphology of the film. Figure 5.5 shows LEED and LEEM data for this sample. 

The LEED image taken with 45 eV electron energy (Figure 5.5(b)) clearly shows the presence of 

extra diffraction spots between primary spots indicating a surface reconstruction on the film surface. 

A c(2×2) reconstruction pattern is observed in Figure 5.5(b), as shown by the yellow circles. A 

separate faint 2×2 reconstruction can also be seen at some energies (not shown) but was not 

sufficiently intense for isolation in LEEM studies. A bright field LEEM (BF-LEEM) image at 20 eV 

and dark field LEEM (DF-LEEM) image with c(2×2) at 22 eV (Figure 5.5(c-d)) show that the 

reconstruction is not uniform across the whole surface. As the c(2×2) spot was intense enough, the 

DF-LEEM image was reproduced using this spot and BF-LEEM image was reproduced using the 

specular reflection. These results are consistent with a mixed surface termination, as has been 

observed BF-LEEM for oxide surfaces prepared by annealing [179,193]. The dark contrast in the BF-

LEEM image has been attributed to differences in the surface potential or work function for a SrO 

termination in comparison to a TiO2 termination on the surface. The DF-LEEM further confirms that 

the dark regions in the BF-LEEM image correspond to regions with a c(2×2) surface termination, 

which is commonly associated with a Sr-rich or Sr-terminated surface [161]. 
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Figure 5.5: Low energy electron diffraction (LEED) at (a) 25 eV and (b) 40 eV electron energies, 

yellow circles highlight the c(2×2) reconstructions; (c) Bright field low energy electron microscopy 

(LEEM) image; and (d) Dark field LEEM image highlighting the regions of c(2×2) reconstructions. 

To examine the island structures observed through LEED and LEEM measurements, the sample was 

also analyzed through STM imaging experiments. Figure 5.6 shows a characteristic wedding-cake 

type structure observed across the entire sample with terrace widths of 40 to 70 nm on stacks with 

well-defined steps. Atomic force microscopy measurements on the homoepitaxial series of samples 

show qualitative agreement with the morphology observed in this sample (see Supplemental 

Information Figure S9). A wedding cake structure is formed when the Ehrlich-Schwöbel (ES) barrier, 

which limits diffusion across the step edge, cannot be overcome. The adsorbates which ultimately 

form the growing oxide, are trapped on the top layer and reflected from the step edge. The adsorbate 

diffusion length on the surface is correlated to the width of the rim – the distance between the terrace 

step edges [194]. Ultimately, once the adsorbate concentration is sufficiently high, a new layer will 

nucleate, albeit with a diminished radius which leads to the stacked, wedding cake like structure. The 

apparent height of the step edges is about ~4 Å which corresponds to a unit cell step height of STO 

with lattice constant 3.905 Å. In contrast to the strong step-edge anisotropy often observed in metal-

on-metal epitaxy with a significant ES barrier [195], the oxide islands do not exhibit a pronounced 

edge faceting or anisotropy. STM studies of (La,Ca)MnO3 perovskite oxide films have also 

demonstrated the wedding cake structure due to the ES barrier in these materials  [196–198]. These 

studies examined transitions between mixed terminations and uniform B-site termination as a function 

of film thickness and noted the presence of a c(22) reconstruction for the A-site terminated regions, 

as we also observe in the LEED/LEEM studies. Given our results, it seems apparent that the 

homoepitaxial growth mode for hybrid-grown STO films within the stoichiometric growth window 

is not exclusively layer-by-layer or step-flow. 
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Figure 5.6: (a) Scanning tunneling microscopy (STM) image with (b) line profile shown from black 

line in (a). Dashed lines represent a 4.0 Å step consistent with the 3.905 Å SrTiO3 unit cell height. 

Image size 300×300 nm2. 

The surface studies that we report here raise questions as to the nature of the chemical interaction 

during the hMBE growth process. We have shown that samples with partial SrO termination (samples 

740, 758, and 780) are stoichiometric in XRD. Conversely, the XRD results demonstrate samples 

with surface compositions analogous to that of an air-annealed substrate are off-stoichiometric. Based 

on angle-resolved XPS measurements, these off-stoichiometric samples showed a preference for 

majority TiO2 surface terminations. Surface reconstructions are observed for stoichiometric samples, 

although we have not observed the c(4×4) reconstruction that others have reported [161]. Instead, a 

surface with partial SrO termination and evidence of a c(2×2) surface reconstruction in some cases 
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aligns with the ideal stoichiometry as measured by XRD. These in situ observations are confirmed by 

the LEEM, LEED, and STM measurements. While a surface reconstruction could not be resolved by 

STM due to atmospheric exposure, the rounded nature of the wedding cake terraces suggests that the 

terraces are the source of the c(2×2) reconstruction observed in the LEEM images of Figure 5.5(c-d). 

Thus, it is likely that the wedding cake terraces have a majority SrO termination, which gives rise to 

the significant ES barrier. 

Our results suggest that in order to stabilize the adsorption-controlled growth regime, a significant 

portion of the surface must possess an SrO termination to catalyze the decomposition of TTIP in 

stoichiometric ratios. Brahlek et al [159] have previously hypothesized that the TTIP sticking 

coefficient is greater on an SrO termination than on a TiO2 termination, which agrees with the results 

we show here. Recent theoretical studies have predicted a stable c(4×4) SrO-terminated STO surface 

with only half of the surface A sites occupied, which would qualitatively agree with our results and 

merits further investigation [199]. The existence of the extra XPS peak in the O 1s spectrum is 

associated with undercoordinated oxygen, oxygen vacancies, adsorbed water, or bonded OH on the 

surface for SrO terminations, which is not observed for TiO2
 terminated films. The presence of 

adsorbed water or oxygen vacancies will depend significantly on the surface termination and the 

ambient environment [176,177]. Given that water is a natural byproduct of the TTIP dissociation, the 

role of water vapor near the film surface may play a role in the chemistry of the adsorption-controlled 

growth. In the future, in situ STM, LEEM, and LEED studies of hMBE grown STO films would be 

extremely valuable to understand the surface structure in greater detail. However, to our knowledge, 

there is not currently a growth system conFigured for such studies. Further development of in situ 

surface characterization capabilities to complement hMBE growth would be extremely valuable. 
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5.4 Conclusion: 

In conclusion, we have demonstrated hMBE synthesis of homoepitaxial STO films with in vacuo 

XPS studies for the first time. We show that carbon contamination on the surface is negligible. We 

find that films exhibiting a partial SrO termination are needed to produce a stoichiometric film as 

measured in XRD, while TiO2 terminated films are Ti rich. These results are confirmed via XPS 

through core level Ti 2p to Sr 3d peak area ratios and the observation of O 1s surface peaks. Analysis 

of the RHEED pattern through PCA and K-means clustering indicate that the stoichiometric films 

transition to a step-flow growth regime after 20-25 unit cells. RHEED, LEEM, LEED, and STM 

studies verify that surface reconstructions are associated with ideal film stoichiometry, though other 

complementary surface studies are needed to better probe the reconstructions and surface 

terminations. 
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Abstract:   

4d transition metal oxides have emerged as promising materials for numerous applications including 

high mobility electronics. SrNbO3 is one such candidate material, serving as a good donor material 

in interfacial oxide systems and exhibiting high electron mobility in ultrathin films. However, its 

synthesis is challenging due to the metastable nature of the d1 Nb4+ cation and the limitations in the 

delivery of refractory Nb. To date, films have been grown primarily by pulsed laser deposition (PLD), 

but development of a means to grow and stabilize the material via molecular beam epitaxy (MBE) 

would enable studies of interfacial phenomena and multilayer structures that may be challenging by 

PLD. To that end, SrNbO3 thin films were grown using hybrid MBE for the first time using a 

tris(diethalamido)(tert-butylimido) niobium precursor for Nb and an elemental Sr source on GdScO3 

substrates. Varying thicknesses of insulating SrHfO3 capping layers were deposited using a hafnium 

tert-butoxide precursor for Hf on top of SrNbO3 films to preserve the metastable surface. Grown films 

were transferred in vacuo for X-ray photoelectron spectroscopy to quantify elemental composition, 

density of states at the Fermi energy, and Nb oxidation state. Ex situ studies by X-ray absorption near 
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edge spectra illustrates the SrHfO3 capping plays an important role in preserving the Nb 4d1 

metastable charge state in atmospheric conditions. 

6.1 Introduction: 

The observation of two dimensional electron gas (2DEG) at the LaAlO3 (LAO)/SrTiO3 (STO) 

interface [200] has driven ongoing and expanding research in complex metal oxides for the past two 

decades. This interesting phenomenon placed the oxide interfaces as strong contenders for high carrier 

concentrations and high electron mobility. (Alternative to the first two sentences) 

For two decades, the study of two dimensional electron gas (2DEG) in complex metal oxides has 

rapidly increased after its observation at the LaAlO3 (LAO)/SrTiO3 (STO) interface [200]. This 

interesting phenomenon has driven ongoing research for two decades, opening the door for complex 

oxide interfaces as strong contenders for high carrier concentrations and high electron mobility. Oxide 

2DEG [36,37] offer unique opportunities compared to traditional semiconductor ones as they may 

exhibit strong spin-orbit coupling along with possibility of harnessing high carrier concentrations. 

The search for a good donor oxide is a great challenge when building a high carrier concentration and 

mobility in oxides interface for high-speed electronics.  Isoelectronic to the SrVO3, SrNbO3 (SNO) 

has a d1 electronic configuration and a simple cubic perovskite structure with lattice parameter 

between 4.0 and 4.1 Å [201]. The band diagram of SNO reveals the Nb 4d t2g bands crossing the 

Fermi level, indicating its metallic nature, whereas the low work function makes SNO stand out as a 

suitable donor [202], as previously reported in density functional theory (DFT) studies on SNO/STO 

heterostructures [203]. SNO has also been discovered as the first plasmonic photocatalyst metallic 

oxide, which opens a door for new family of photocatalytic materials [204]. Studies have also 

examined the material for use as a plasmonic transparent conducting material due to the large band 
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gap between the O 2p and Nb 4d bands [205–207]. Recent results have also shown that epitaxial strain 

in SNO films can break cubic symmetry to produce a semimetallic tetragonal phase with extremely 

high mobility and an observed Berry phase that make it promising for quantum materials 

applications [208]. Large linear magnetoresistances of ~105 % and mobilities of 80,000 cm2/V-s have 

also recently been reported in SNO/STO heterostructures [209], suggesting that the material holds 

exceptional promise in topological and quantum materials research. 

Despite the great potential of SNO for interfacial charge transfer and topological phenomena as well 

as its photocatalytic properties, limited work has been carried out in synthesis of pristine SNO thin 

films. There are numerous unanswered questions on basic properties of SNO, its surface stability, and 

its applications for interfacial engineering of emergent materials properties. Previous reports on SNO 

thin film growth have employed pulsed laser deposition (PLD) [207–212] and sputtering [205,206]. 

There are no reports of MBE synthesis of SNO, though NbO2 [213] and Nb-doped STO [214] have 

been synthesized by MBE using an electron-beam evaporation source. In particular, previous 

work [211] examining the electronic band structure using in situ angle-resolved photoemission 

spectroscopy (ARPES) measurements provided insights into SNO thin films and verified the metallic 

character of SNO experimentally. However, this work also showed a significant excess of Nb5+ 

atomic valence relative to the expected 4+ charge state, which suppressed the spectral weight of 

electronic states near the Fermi level. These results were attributed to surface Nb5+ states due to either 

Sr vacancies or formation of Nb2O5. However, adsorption of excess oxygen is also an alternative 

mechanism to accommodate the conversion from metastable Nb4+ to the stable d0 Nb5+ state through 

the formation of a Sr2Nb2O7 phase [212,215,216]. Similar results have also been observed in d1 rare 

earth titanates [217,218] and SrVO3 [213] previously. Clearly, understanding and controlling the 

valence of Nb ions in SNO films is important to the development of interfacial heterostructures that 
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leverage the d1 electronic configuration and propensity of SNO to donate electrons to neighboring 

materials [208,209].  

One of the most likely approaches to preserve metastable SNO is by capping films with an alternative 

oxide with greater atmospheric stability. To date, there have been no reports of suitable capping layers 

for SNO. However, such an approach has been employed for DyTiO3 films via a LaAlO3 cap, which 

significantly enhanced the ratio of metastable Ti3+ vs d0 Ti4+ [218]. A perovskite oxide with a higher 

band gap, matching A site cation, and one that does not accept electrons from SNO would be a 

reasonable choice as a capping layer. SrHfO3 (SHO) is well known for its large band gap of 6.07 

eV [219] and is expected to have a band alignment that prevents electron transfer, [202] which makes 

it an ideal perovskite oxide for capping in this system. However, the delivery of both Nb and Hf is 

highly challenging due to their refractory natures. To overcome this discrepancy, the hybrid molecular 

beam epitaxy technique opens opportunities for Nb and Hf to be supplied as metal organic precursors. 

In addition to PLD, molecular beam epitaxy (MBE) is well established for the synthesis of various 

metal oxides over the last three decades. However, repeatable growth of a complex metal oxide 

incorporating refractory metal cations with stoichiometric control by traditional MBE is extra 

challenging as they lack the adsorption-controlled growth window. In the past decade, hybrid MBE 

(hMBE) has been established as a state-of-the-art technique to grow complex metal oxides where 

refractory metals are supplied through a metal organic precursor and the A-site cation is supplied as 

a metallic source [220]. The hMBE technique is highly efficient in delivering low vapor pressure and 

refractory metals for repeatable growth of large varieties of high quality metal oxides such as 

SrVO3  [221] , BaSnO3 [222] , and SrTiO3 (STO)  [68,223] with improved stoichiometric control 

compared to the traditional MBE growth. This approach offers significant advantages over deposition 
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with an electron-beam evaporator in an MBE, where achieving repeatable and stable growth 

conditions can be a challenge. 

Selection of precursor becomes highly important in perovskite oxides growth involving refractory 

metals as they determine the delivery of B-site cation. Previous reports [224,225] on synthesis of 

Nb2O5 by atomic layer deposition (ALD) suggest that niobium ethoxide (NbOEt) and 

tris(diethalamido)(tert-butylimido) niobium (TDTBN) are the most suitable precursors as a Nb 

precursor. However, NbOEt decomposition rather than evaporation in its molecular form has been 

reported due to significantly lower vapor pressure of NbOEt compared to TDTBN [225]. TDTBN 

was liquid at room temperature and successfully evaporated for ALD at 65 °C using open boats due 

to the low vapor pressure of the precursor. Recent work has shown both thermal and plasma-enhanced 

ALD of Nb2O5 using TDTBN [226]. In the case of thermal ALD, significant amounts of Nb4+ ions 

were observed in the films grown at high temperatures, likely because, unlike NbOEt, TDTBN 

contains no oxygen atoms in the molecule. The chemical structure of the molecule is shown in Figure 

6.1. The lack of oxygen in the TDTBN precursor may afford greater control over the overall oxidation 

of the film because the delivery of molecular O2 and oxygen plasma can be tuned to vary the oxygen 

chemical potential in the system over a wide range.   
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Figure 6.1: (a) Structural formula and (b) ball and stick structure of tris(diethalamido)(tert-

butylimido) niobium (TDTBN) precursor used for the hMBE growth of SNO epitaxial thin films. 

In this work, SNO band structure and partial density of states (pDOS) calculations are carried out by 

density functional theory (DFT). Metastable SNO films are grown on GdScO3 substrate using hMBE. 

The surface of the film is monitored during the growth by reflection high energy electron diffraction 

(RHEED) and in vacuo X-ray photoelectron spectroscopy (XPS) is used to check the stoichiometry 

of the film. Possible over-oxidation of the surface or of the film is studied by analyzing the Nb 3d 

core level on uncapped and SHO capped samples. Correlating the valence band features further 

investigates the effectiveness of SHO capping in preserving Nb4+ state. The surface roughness is 

analyzed using atomic force microscopy (AFM) topography. Further Nb K- edge was analyzed using 

X-ray near-edge spectroscopy (XANES) to check the effect of SHO capping thickness on Nb 

oxidation state.   
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6.2 Methods: 

The electronic band structure of SNO was analyzed via DFT, using the Perdew-Burke-Ernzerhof 

(PBE) parameterization of the exchange-correlation energy [227]. No Hubbard U correction 

parameter was employed, consistent with previous models of the material [208,211]. Calculations 

employed projector-augmented-wave pseudopotentials [228] for the description of the atomic cores 

with cutoff energies of 40 Ry and 400 Ry for the wave functions and density, respectively. Cubic unit 

cells were fully relaxed until forces were smaller than 1.36×10-7 eV/Å and band structure calculations 

were performed. The self-consistent potential was determined using an 8×8×8 Monkhorst-Pack mesh 

to sample the Brillouin zone. All calculations are carried out using the Quantum Espresso 

software [229]. 

Uncapped and SHO capped SNO thin films of identical thickness were grown on highly lattice 

matched (110) GdScO3 (GSO) single crystal substrates (MTI Crystal) in a Mantis MBE reactor with 

a baseline pressure of ~10-9 Torr. All the substrates were ultrasonically cleaned in acetone and 

isopropanol and dried with dry nitrogen gas. All the substrates were cleaned in oxygen in the MBE 

growth chamber by ramping to the 1000 °C growth temperature over ~1 hour as measured by 

thermocouple  [135,223]. We estimate that the setpoint was ~150-200 °C higher than substrate surface 

temperature due to the absence of backside substrate metallization, resulting in GSO surface 

temperature between 800 and 850 °C. Cleaning and SNO (SHO) growths were performed in a 

background pressure of ~3×10-6 Torr and ~3.6×10-6  (~1×10-5 ) Torr O2 respectively. Calibration 

samples showed that the absorption of B-site cations takes a longer time compared to low flux of A-

site cation. To control the exposure duration, alternate shutter deposition is applied to supply A and 

B-site cations in both SNO and SHO deposition. For the metalorganic sources, a pneumatic ALD 
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valve (Swagelok 316L) is used to isolate the sources when they are not depositing and serves as the 

shutter for the deposition.  

A series of uncapped and varying SHO thickness capped SNO samples were grown where Sr and 

tris(diethalamido)(tert-butylimido) niobium (TDTBN) fluxes were held fixed. The flux of SrO is 

measured by quartz crystal microbalance (QCM) in Å/sec. Strontium (99.99%, Sigma-Aldrich, USA) 

was supplied through low temperature effusion cell. The Sr flux was calibrated using QCM under 

oxygen environment with measured chamber pressure of 3×10-6 Torr. Niobium was supplied through 

a gas source using the TDTBN metal-organic precursor (99.99%, Sigma-Aldrich, USA) from a 

bubbler connected to the growth chamber using the ALD pneumatic valve and a heated gas injector 

source (E-Science, USA). No carrier gas was used. The gas injector was held at 90 °C using a PID 

controller and the bubbler at 73 °C through external heating tape and a PID controller. While the 

vapor pressure was not measured directly, the chamber pressure showed only marginal changes (~1%) 

upon valve actuation, suggesting that the vapor pressure is in the range of 1-100 mTorr that is 

commonly employed for hMBE using a pressure-control feedback system [220]. This configuration 

can thus be thought of as a modified metal-organic evaporation source that replicates the capabilities 

of a low temperature effusion cell for organic molecules. 

The growth chamber shroud walls were maintained at -30 °C via a closed loop chiller and low 

temperature fluid (Syltherm XLT, Dow Chemical) to reduce the background water vapor pressure 

from the dissociated TDTBN molecules. The chamber pressure measured by cold cathode gauge 

generally increases and reaches one unit higher at 10-6 Torr for the first 5-10 secs as the TDTBN 

supply valve is opened before stabilizing due to the dissociated and unreacted TDTBN injected into 

the system. O2 flow is turned off for uncapped sample during cool down to minimize over-oxidation 
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of the film or of the surface of the film. Right after the SNO deposition, the hafnium tert-butoxide 

(HTB) flux is calibrated and varying thickness of SHO capping layers were deposited turning on O2 

flow with measured chamber pressure of  ~1×10-5 Torr O2. Hafnium was supplied through a gas 

source using a metalorganic precursor, HTB (99.999%, Sigma-Aldrich, USA) from a bubbler 

connected to the growth chamber without carrier gas and controlled using a traditional pressure-

control feedback loop [220,230]. Here we have presented four representative samples among all the 

samples including one uncapped and three capped annotated as thin (2 unit cells, ~0.8 nm), medium 

(3 unit cells, ~1.2 nm), and thick (4 unit cells, ~1.6 nm) capped.  

In situ RHEED (Staib Instrument) was used to monitor the growth process and the quality of the film. 

Post-growth the samples were transferred from the MBE reactor to the PHI 5400 X-ray photoelectron 

spectroscopy (XPS) (Al Kα X-ray source) system through ultra-high vacuum (UHV) transfer line. An 

electron neutralizer gun was applied to compensate charging of the insulating samples [180]. The 

surface stoichiometry of all grown samples was characterized by analyzing core level and correlated 

with the valence band XPS spectra measured with base pressure of ~1×10-9 Torr. Analysis of the XPS 

data was performed using CasaXPS. To properly align all core level peaks, the valence band is fitted 

with a Fermi-Dirac function and all peaks are shifted with respect to the Fermi level because the 

charge neutralizer prevents direct determination of the Fermi level. A representative fit is shown in 

Figure S4 in the Supplemental Information (Appendix B). We assume in our analysis that electron 

forward focusing effects, commonly referred to as X-ray photoelectron diffraction, are negligible 

between samples. Though the probing depth for 95% of the signal is less than 5 nm which indicates 

these measurements are highly surface sensitive. A Rigaku Smartlab XRD  equipped with a 4-circle 

goniometer and using Cu Kα1 radiation line isolated with double bounce Ge (220) monochromator 

was used for 2θ-ω scans on the (002) reflection of the SNO samples. X-ray absorption near-edge 
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spectroscopy (XANES) was performed at the Advanced Photon Source at Sector 20-BM in 

fluorescence mode for both in-plane (parallel) and out-of-plane (perpendicular) polarized x-rays at 

the Nb K edges. 

6.3 Results: 

Figure 6.2(a) shows the cubic crystal structure of perovskite SNO where a niobium cation is 

octahedrally coordinated by oxygen ions. A lattice parameter of 4.02 Å was obtained using DFT 

calculations, which is agreement/disagreement with previous work [201]. The band structure and 

corresponding density of states (DOS) that provide context to interpret experimental results of SNO 

are shown in Figure 6.2(b) and 6.2(b) right panel, respectively. The metallic nature of SNO is 

observed with the Fermi level crossing conduction bands primarily formed by Nb 4d states, consistent 

with its d1 electronic configuration. The O 2p bands make significant contributions to the band 

structure of SNO in the vicinity of the Fermi level. Fully occupied valence bands are composed mainly 

by the O 2p. The gap between the O 2p and Nb 4d bands is ~2.4 eV. These results agree with previous 

DFT reports [211].  
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Figure 6.2: (a) Cubic perovskite structure of SrNbO3,  (b) band dispersion and density of states (DOS) 

of SrNbO3. Orbital decomposition onto localized atomic orbitals from Nb 4d and O 2p are shown in 

gold and pink, respectively. 

To test the efficacy of TDTBN as a precursor, SNO thin films were grown on GSO substrates by 

hMBE. Figure 6.3(a-b) shows the RHEED images for uncapped SNO film grown on GSO along the 

[110] azimuth immediately after growth at high temperature and after the sample is cooled down to 

room temperature. Intense diffraction spots as well as sharp Kikuchi bands in Figure 6.3(a) indicate 

that the sample is smooth with a well-crystalized surface film. However, the diffraction spots along 

with Kikuchi bands lose their intensity after the sample is cooled as shown in Figure 6.3(b), indicating 

degradation in surface crystal quality. One possible explanation for this phenomenon is the over-

oxidation of the film surface due to the presence of residual oxygen and water in the chamber, which 

cannot be pumped out quickly enough after the growth. Water is also a likely by product of the 

decomposition of the precursor. A second possible reason may be due to adsorbed nitrogen and carbon 

on the film surface as a by-product from metal organics as shown in XPS spectra for uncapped sample 

in, Supplemental Information S3 (Appendix B). On the other hand, SNO samples show consistently 

improved RHEED images after capping with SHO, which can be found in supporting materials in 
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Figure S1 (Appendix B). This indicates high crystallinity of the SHO capping layer and better 

preservation of SNO from over-oxidation during cooldown. It should be noted that the medium-

capped SNO sample shows relatively weak RHEED pattern after SHO capping as found in Figure S1 

because of inconsistent Hf flux that produced a Hf-rich capping layer (Appendix B).  

AFM measurements were performed to verify the surface morphology of the SNO films. Figure 6.3(c) 

shows the AFM topography of uncapped SNO film grown on GSO substrate with surface roughness 

of ~ 1.1 nm indicating the film is highly smooth. Additionally, AFM topography of SHO shows the 

surface roughness of ~2 nm as shown in Figure S2 indicating smooth capping surface (Appendix B). 

Figure 6.3(d) shows the XRD data for uncapped and SHO capped SNO films grown on GSO 

substrates. An uncapped SNO sample exhibits no clear evidence of crystalline perovskite film while 

capped samples have extra peak at lower 2θ. The intensity of an extra peak increases with increasing 

thickness of a capping, reflecting improved stoichiometry and crystallinity as predicted by the 

RHEED.   
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Figure 6.3: RHEED image of SNO film (a) hot right after growth and (b) after cooling down on GSO 

along 110 azimuth, (c) AFM topography of uncapped SNO films, (d) XRD on uncapped and  SHO 

capped samples. 

To probe the role of capping on preservation of the Nb4+ state, in situ XPS analysis of the Nb 3d core 

level on uncapped and SHO capped SNO films was performed. Figure 6.3(a-d) show the Nb 3d core 

level deconvolution for uncapped and SHO capped SNO films using constraints from table S1 as 

provided in supplemental information. As the Hf 4d core level significantly overlaps with the Nb 3d 

core level, the peaks must be carefully deconvoluted to determine the ratio of Nb4+ to Nb5+. A clear 

extra peak at lower binding energy in Nb 3d is significantly increased in capped samples compared 

to an uncapped sample that reflects the SHO capping is highly effective in preserving the Nb4+ state. 

This peak has previously been observed after sputter cleaning of NbO2 after atmospheric 

exposure [231] and in situ for high-quality NbO2 films grown by MBE using an electron-beam 

evaporation source [213]. In situ measurements of uncapped SrNbO3 films grown by PLD showed 

significantly smaller concentrations of Nb4+ by comparison [211], indicating that the SrHfO3 capping 
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layer is important even for in situ studies of the material. Explicit quantification of the ratio of Nb4+ 

to Nb5+ is complicated by the satellite feature that is expected even for an ideal system with only d1 

states for all Nb cations [213]. However, it is clear that some Nb5+ is still present even in the capped 

samples, leading to a chemical formula of SrNbO3+δ for the material. 

XPS valence band spectra were acquired simultaneously with the Nb 3d core level data to measure 

the density of states for the Nb 4d electronic states near the Fermi level. Figure 6.4(e) shows the 

valence band spectra for uncapped and SHO capped samples. The thickness and quality of the capping 

layer plays a clear role in the preservation of the single Nb 4d electron at the Fermi level, with the 

thickest capping layer providing the largest peak. The medium-capped sample shows relatively lower 

electron concentration compared to a thin capped sample as shown in Figure 6.4(e). That is likely 

related to the off-stoichiometry of the SHO capping layer governed by fluctuation in Hf flux during 

SHO deposition for that sample. This can be inferred from Figure 6.3(b) as we see a more intense Hf 

4d core level compared to Nb 3d core level among all capped samples. This result can also be 

correlated with lowest quality of RHEED image for medium capped film as shown in middle panel 

of Figure S1 (Appendix B). It is thus clear that the effectiveness of SHO as a capping layer for SNO 

is dependent on the crystalline quality of the SHO film.     
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Figure 6.4: Nb 3d core level deconvolution for SNO thin films capped with (a) uncapped, (b) thin 

(0.8 nm) capped, (c) medium (1.2 nm) capped, (d) thick (1.6 nm) capping of SHO. Fits to the data 

show spin-orbit split peaks of Nb4+ (low binding energy) and Nb5+ (high binding energy) features. (e) 

Valence band XPS data showing density of states near the Fermi level for all four samples. Partially 

transparent density of states from DFT model of SrNbO3 is taken from Figure 6.2. 

XANES offers a more bulk-sensitive probe of the Nb valence after atmospheric exposure. Hence, to 

supplement the XPS analysis on oxidation state of Nb in the film, XANES analysis on Nb K-edge 

was also carried out. Figure 6.5 shows the XANES spectra on the Nb K-edge for SHO-capped samples 

with reference spectra for Nb4+ (NbO2) and Nb5+ (Nb2O5) [232]. The Nb K-edge shows that the pre-

edge features of the thinnest capped SNO sample mirrors Nb2O5 spectra, indicating more Nb5+ state 

compared to other samples. The white line is also shifted to greater photon energy, consistent with a 

higher formal charge. The Nb K-edge energy in the inset of the Figure shows that the thickest capped 

sample the spectrum white line is shifted to lower photon energy, indicating the greatest concentration 

of Nb4+ state among all of the samples. This observation indicates that the capping has great role on 

preserving Nb oxidation state in SNO film after air exposure. 
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Figure 6.5: Nb K edge XANES data for three SrHfO3-capped samples. NbO2 (Nb4+) and Nb2O5 (Nb5+) 

reference spectra were taken from Marini, et al. [232]. (Inset) High-resolution perspective of three 

capped samples showing enhanced Nb4+ charge state in sample with 1.6 nm capping layer. 

6.4 Discussion and Conclusion: 

Successful growth of metastable SNO by hMBE using the TDTBN precursor is performed for the 

first time. Good lattice match to the GSO substrate supported the growth of high quality epitaxial 

SNO films, which can be inferred from the high quality RHEED in Figure 6.2(a) and Figure S1. 

Degrading RHEED quality of an uncapped sample during cool down shows that residual oxygen in 

the chamber over-oxidizes the SNO film surface. Our observation shows that minimizing exposure 

to oxygen after film growth is critical to preserving a stable film surface, as shown in the RHEED 

images in the supplemental information and the valence band density of states in Figure 6.4. Over-
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oxidation of the SNO film surface can be reduced by depositing a dielectric caping layer such as SHO. 

Cooling down in vacuum for uncapped samples reduces the formation of competing phases such as 

amorphous Sr2Nb2O7 [212]. However, surface-sensitive studies such as XPS and ARPES are still 

likely to detect the majority of the signal from the top few unit cells where Nb5+ will be the dominant 

charge state. On the other hand, ex-situ AFM topography reveals that uncapped samples are highly 

smooth even after air exposure, suggesting that amorphization is fairly uniform across the sample. 

Thus, a smooth surface is not sufficient evidence to confirm ideal oxygen stoichiometry at the film 

surface. Our XRD results show that thin SNO films (less than 5 nm) had degraded crystal quality 

without a capping layer. Thus, we suggest that future studies on ultrathin SNO films should take care 

to decouple intrinsic phenomena related to the novel physics that can occur in the system from 

features that may occur due to variation in oxygen stoichiometry away from the ideal SrNbO3 

chemical formula. 

In conclusion, our study of the synthesis of metastable SrNbO3+δ thin films demonstrates the 

capabilities of the hMBE technique with a new TDTBN precursor. As predicted by our DFT 

calculations, the SNO films have valence band features at the Fermi level based on XPS analysis 

which is strongly dependent on the Nb charge state. The surface of the sample is preserved during 

cooldown by depositing a capping layer of SrHfO3 immediately after SrNbO3 growth, which increases 

the electronic density of states near the Fermi level. XRD, XAS and XPS used to characterize the 

SNO film and effectiveness of the SHO capping at various thicknesses indicate that both the quality 

and the thickness of the capping layer are important to preserving the surface. The ability to deposit 

SrNbO3 films by hMBE opens the door for future exploration of interfacial phenomena in 

heterostructures, which has not been explored previously in films. 
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Chapter 7 

Charge Transfer at SNO/BSO Interface                                                 

7.1 Introduction: 

The observation of a two-dimensional electron gas (2DEGs) at the LaAlO3 (LAO)/SrTiO3 (STO) 

interface [21] has driven ongoing and expanding research in complex metal oxides for the past two 

decades. This interesting phenomenon suggested that oxide interfaces can be strong contenders for 

high carrier concentrations and high electron mobility. Oxide 2DEGs offer unique opportunities 

compared to traditional semiconductor 2DEGs as they may exhibit strong spin-orbit coupling along 

with possibility of harnessing high carrier concentrations [233,234]. STO has been employed as an 

active layer in numerous interfacial systems to characterize varieties of properties including 2DEGs 

at the interface [21,217]. However, STO suffers from low room temperature carrier mobilities due to 

electron-phonon scattering [235,236]. Alternative oxide semiconductors are needed to achieve large 

room-temperature 2DEG conductivities.  

Compared to the Ti 3d states in STO, the BaSnO3 conduction band is comprised primarily of Sn 5s 

states that exhibit strong orbital overlap and very little hybridization with O 2p states [237,238]. This 

produces a low effective mass and strong electronic dispersion, which is suitable for high electron 

mobility [239,240]. Additionally, high electrical conductivity along with optical transparency makes 

BSO as an outstanding candidate material for modern optoelectronic applications. With a Hall 

mobility as high as 320 cm2V−1s−1, BSO has the highest room temperature mobility in complex metal 

oxides to the date at electron concentrations of with 8×1019cm−3 in a La-doped bulk BSO single 

crystal [50]. Due to these interesting characteristics, BSO has gained increasing attention as a 

candidate material for next-generation oxide optoelectronic devices.  One challenge for the material, 

however, is increasing the doping levels due to band filling and compensating defects that may occur 
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at high dopant concentrations [241–243]. Compared to the bulk single crystal, BSO thin films have 

low mobility mainly due to threading dislocations from substrate misfit introduced  [16] and point 

defects due to non-stoichiometry and scattering effects due to La dopant concentration  [92]. In thin 

films, BSO has been employed as an active layer at perovskite oxide interface to harness the 2DEG 

at interface. LaInO3/BSO [244,245] and La-doped SrSnO3/BSO [246,247] heterostructures have been 

examined for better understanding of BSO-based oxide interface and exploration of 2DEG. However, 

polar/non-polar LaInO3/BSO interfaces may suffer from interfacial defects common to the LAO/STO 

interface and the band alignment of La-doped SrSnO3 produces minimal charge transfer into BSO. 

SrNbO3 has good potential as an interfacial electron donor because of the large gap between the O 2p 

and Nb 4d bands while maintaining a d1 electronic structure [79]. As previously reported in density 

functional theory (DFT) studies on SNO/STO heterostructures, the band diagram of SNO displays 

the Nb 4d t2g bands crossing the Fermi level, confirming its metallic nature, whereas the low work 

function and large separation between the O 2p and Nb 4d bands make SNO  a promising donor [79]. 

Recent studies have shown that there is a great potential of SNO for interfacial charge transfer and 

topological phenomena such as spintronics [83,86]. Creating an epitaxial interface of SNO/BSO for 

modulation doping by charge transfer could produce greater carrier concentrations than have been 

possible previously. To achieve this, the conduction band offset must have BSO at lower potential 

compared to SNO to observe spillover of electrons to the BSO layer from SNO at the interface. On 

the other hand, the metastable nature of SNO demands extra care to provides suitable capping layer. 

Recent report on SNO synthesis has demonstrated that a SrHfO3 capping layer is efficient for 

maintaining the metastable d1 electronic state of SNO [87]. 

One of the essential aspects of a heterojunction is the band offsets at the interface of two 

semiconductors. Understanding the link between interfacial physical structure, electronic structure, 
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and carrier dynamics requires precise band offset measurements. Charge transfer occurs when two 

materials are stacked together to form an interface, balancing the electron chemical potential of both 

materials. To enhance carrier mobility in a 2DEG structure and reduce impurity scattering, isolation 

of charge carriers from the ionized dopant impurity is crucial in heterostructure engineering. Due to 

the purity provided by segregated donor and carrier sites and the challenges in avoiding defects at 

polar/non-polar interfaces, modulation doping is widely used these days in oxide 

heterostructures [217,248]. For years, it has been known that X-ray photoemission can provide a 

straightforward measurement for band offsets and charge transfer in oxide heterostructures [20,180]. 

This makes in situ XPS studies of 2DEGs grown by molecular beam epitaxy (MBE) particularly 

valuable for careful examination of interfacial phenomena [180]. 

In this work, density functional theory predictions are used to examine the band alignment and charge 

transfer between SNO and BSO. Experimental studies validate these predictions through the synthesis 

of metastable SNO films on BSO films deposited on Nb-doped STO substrates using hybrid 

molecular beam epitaxy. In vacuo X-ray photoelectron spectroscopy (XPS) is used to check the 

oxidation state of the Sn to measure the degree of charge transfer in the SNO/BSO interface. Angle-

resolved XPS is used to verify the presence of a 2DEG structure at the interface.  

7.2 Methods: 

The SNO/BSO heterostructure is created by growing SNO on as prepared (110) BSO single crystal 

grown on Nb-doped STO substrate from Cornell University using hMBE approach as described 

elsewhere [87]. Some of the changes implemented are the growth chamber shroud walls were 

maintained at -60 °C compared to -30 °C via a closed loop chiller and low temperature fluid (Syltherm 

XLT, Dow Chemical) to effectively reduce the background water vapor pressure from the dissociated 



 103 

TDTBN molecules and the hafnium precursor, tetrakis(ethylmethylamino) hafnium (TEMAH) flux 

is used due to the flux instability of hafnium tert-butoxide (HTB) as reported in the previous report. 

Hafnium was supplied through a gas source using a metalorganic precursor, (TEMAH) (99.99%, 

Sigma-Aldrich, USA) from a bubbler connected to the growth chamber without carrier gas. 

 In situ RHEED (Staib Instrument) was used to monitor the growth process and the quality of the 

film. Post-growth the samples were transferred from the MBE reactor to the PHI 5400 X-ray 

photoelectron spectroscopy (XPS) (Al Kα X-ray source) system through ultra-high vacuum (UHV) 

transfer line. An electron neutralizer gun was applied to compensate charging of the insulating 

samples [33]. The angle resolved X-ray photoelectron spectroscopy (ARXPS) was implemented to 

characterize the reduction of tin oxidation state by Sn 3d core level deconvolution with base pressure 

of ~1×10-9 Torr. Analysis of the ARXPS data was performed using CasaXPS [34, 35]. Ex situ atomic 

force microscopy measurement is carried out in uncapped sample to check the morphology of SNO 

film. 

7.3 Results: 

Figure 7.1 (a) shows the RHEED image for uncapped SNO sample grown on BSO along the [110] 

azimuth after the sample is cooled down. The RHEED patterns maintains reasonably strong 

diffraction spots with weak signature of Kikuchi bands which is related to the overoxidation of the 

film surface as described elsewhere [87]. Additionally, ex-situ atomic force microscopy (AFM) 

performed on uncapped sample to check the film surface morphology. Figure 7.1 (b) shows the AFM 

topography of an uncapped SNO film grown on a BSO substrate with a surface roughness of ~2.84 

nm, reflecting a smooth film surface. 

https://paperpile.com/c/vAWFGk/USff
https://paperpile.com/c/vAWFGk/Tu7l+cVWb
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Figure 7.1: Uncapped sample (a) RHEED image along 110 azimuth after sample cool down (b) AFM 

topography. 

The Sn 3d core level spectra for an uncapped sample and a SHO capped sample in reference to the 

plasma cleaned BSO on Nb:STO substrate at 45° and 70° photoelectron emission angles are shown 

in Figure 7.2 (a). In Figure 7.2 (a), Sn 3d core level at 45° photoelectron emission angle for similar 

thickness SNO film with SHO capping is also presented. The Sn 3d spin-orbit doublet shows the 

separation of ~8.45 eV which is in good agreement with the value reported elsewhere [249]. In an 

uncapped sample, an angle resolved XPS (ARXPS) measurements of the Sn 3d core level at shallower 

angle shows more prominent additional shoulder at lower binding energy compared to the 45° 

orientation. This extra shoulder at lower binding energy from ARXPS in Sn 3d core level is assigned 

to the Sn3+ states associated with Sn due to electron doping enhanced Sn reduction. Additionally, Sn 

3d5/2 core level deconvolution of a substrate along with SHO capped sample is carried out using same 

constraints as for the uncapped sample. A plasma cleaned bare BSO on Nb:STO substrate shows non-

existence of secondary peak at lower binding energy. To quantify this lower oxidation state associated 

with Sn, Sn 3d5/2 core level of uncapped sample is deconvoluted by constraining a second component 
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with same FWHM as the Sn4+ component and at 1.75 eV lower binding energy than the Sn4+ 

component as shown in Figure 7.2 (b) for 70° photoelectron emission angle.  

Deconvolution of a capped sample exhibits that the SHO capping has largely improved the weight of 

extra peak at lower binding energy with an increase of ~450 % in Sn3+ peak area compared to the 

uncapped sample at photoelectron emission angle of 45°. This result suggests that the capping of SNO 

film surface is a key in preserving metastable state of SNO to donate free electrons to the BSO 

interface layer. These free electrons are most likely to fill Sn s state as predicted by previous 

works [52,239]. Similar to the traditional high mobility semiconductors [250], s orbital electronic 

behavior of Sn in interfacial BSO layer has a great role in improving mobility in oxide 2DEG 

applications.  

 

Figure 7.2: (a) Sn 3d core level for uncapped sample at 45° and 70° photoelectron emission angle and 

capped sample substrate at 45° photoelectron emission angles, (b) Sn 3d5/2 core level of an uncapped 

sample deconvolved for 70° photoelectron emission angle 



 106 

In reference to the missing extra component in Sn 3d in plasma cleaned bare BSO on Nb:STO 

substrate, ARXPS analysis shows that the extra peak feature in Sn 3d is significant for uncapped 

sample. In a scatter plot with error bars, Figure 7.2 (b) shows the proportion of Sn3+ state observed in 

uncapped sample by deconvoluting the Sn 3d5/2 core level as a function of photoelectron emission 

angle from 45° to 70° at an interval of 5° in ARXPS analysis. An error bar within 2% in deconvoluting 

the Sn 3d5/2 core level indicates the consistency in our XPS area analysis. As the photoelectron 

emission angle becomes more shallower, an increasing trend of Sn3+ concentration in BSO layer is 

observed. This result shows that the Sn is significantly reduced at the interface BSO layer in the 

SNO/BSO heterostructure. We can safely rule out the possible reduction of BSO layer during 

substrate heating as the oxygen plasma was operated until the epitaxial SNO film deposition started.  

 

Figure 7.3: Scatter plot of Sn3+ electronic state as a function of photoelectron emission angle with 

error bars from angle resolved XPS experiment, and different Sn3+ decay concentration from a model. 
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A model is created to estimate the percentage of Sn3+ penetrating deep into the subsequent layer below 

the interface BSO layer. In this model, inelastic mean free path (IMFP) of 20 Å which is suitable for 

Sn. The BSO layer thickness up to 40 Å and relatively less sensitive Sn3+ decay model as a function 

of depth is considered which is shown in Figure 7.4 for 30 % Sn3+ at the interface. Different 

concentrations of Sn3+ at the interface is used in a model, ranging from 5% to 40% to generate multiple 

set of data to find the correlation with ARXPS data. On comparison, it is observed that the 30 % 

concentration of Sn3+ at the interface BSO layer fits relatively well with the experimental ARXPS 

showing reduction of nearly 15 % of Sn to Sn3+ state at the subsequent BSO layer next to the 

SNO/BSO interface. 

 

Figure 7.4: Sn3+ decay model as a function of BSO thickness 

Considering one free electron for completely reduced Sn3+ from Sn4+ electronic state and taking 4.1 

Å as a lattice parameter for BSO cubic unit cell structure, we have estimated the electron density and 

sheet carrier concentration at the interface BSO layer for 30% Sn3+ electronic states. Our calculation 
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shows that the electron density of 4.35×1021 cm-3 and sheet electron concentration of 1.78×1014 cm-2 

is available at the interface BSO layer. Considering up to the six-unit cell of BSO layer starting from 

the interface leaves less than 1% of Sn3+ electronic states below the sixth BSO layer as per our Sn3+ 

decay model. Accounting up to six-unit cell of BSO layer from the interface, approximately 1.78×1021 

cm-3 of electron density is observed. This result is useful in optimizing the 2DEG confinement at the 

SNO/BSO interface. 

7.4 Discussion: 

Growth of SNO on as grown BSO on Nb:STO by hMBE using the TDTBN precursor has been 

demonstrated. A suitable lattice match crystalline template, BSO helped to maintain the good quality 

of SNO film as shown by the RHEED and AFM measurements on uncapped samples. One challenge 

for films grown on Nb:STO was that strain relaxation in BSO produces a rougher initial surface 

compared to a bare substrate. Films grown on strained BSO below the critical thickness on GdScO3 

demonstrated smoother surfaces and a sharper RHEED pattern. Future studies could explore the 

growth of SNO on BSO substrates [251] or on BSO grown on a lattice matched substrate such as 

Ba2ScNbO6 [252].  

Comparison of the Sn 3d spectra for a uniform BSO film to the samples with SNO and SHO-capped 

SNO, shows the presence of an extra peak at lower binding energy that indicates the charge transfer 

from SNO to BSO layer at the interface. The charge is shown to be localized at the SNO/BSO 

interface based on our ARXPS analysis. The estimated electron density of 4.35×1021 cm-3 in the 

interfacial BSO layer of SNO/BSO interface is significantly higher than other reports for La-doped 

BSO films [239,240], La-doped BSO single crystals [50,251], and oxygen-deficient BSO films [253] 

by at least a factor of 4 in all cases. Interestingly, our results agree semi-quantitatively with DFT 
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predictions of band filling in BSO by Krishnaswamy et. al. [254], who showed that carrier 

concentrations of ~1021 cm-3 would be expected if the conduction band minimum of BSO were 

lowered to 1.3 eV below the Fermi level. This corresponds well with DFT analysis by our 

collaborators, who indicate that the BSO/SNO interface should produce Sn 5s states 1.2 eV below the 

Fermi level [255].  

The sheet electron concentration can be estimated from the ARXPS model to be at least 1.8×1014 cm-

2 by accounting for only the interfacial layer of the BSO film. This value is roughly an order of 

magnitude larger than reports for LaInO3/BSO polar/non-polar interfaces [244–246] and ~30x larger 

than modulation-doped La:SrSnO3/BSO heterostructures [248]. We emphasize that these electron 

concentrations are calculated based on XPS rather than transport measurements due to the conductive 

nature of the SNO film, which is not expected to be depleted of electrons. Future studies could explore 

the role of a thin SrHfO3-interfacial layer that permits some charge transfer into BSO while separating 

the BSO and SNO layers, as has been predicted by DFT for an analogous SNO/SrZrO3/STO 

heterostructure [79]. 

While we cannot rule out the presence of some growth-induced oxygen vacancies at the interface, we 

do not believe that our results can be explained solely on the basis of oxygen vacancies. The samples 

were heated in oxygen plasma prior to growth to prevent reduction of the BSO and the plasma was 

only turned off at the beginning of the growth process, limiting the time for the BSO to reduce. 

Additionally, the intensity of the Sn3+ peak increases when the film is capped with SrHfO3, which 

suggests that it is more sensitive to the number of electrons in SNO available for charge transfer rather 

than the oxygen environment during growth. Finally, predictions of BSO carrier concentrations in 

oxygen poor environments by DFT have indicated that carrier concentrations of ~1018-1019 cm-3 
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would be expected [256]. Previous work has shown that oxygen-deficient BSO films have electron 

concentrations of only ~1019 cm-3 [253], which is well below the values extracted from our studies.  

These observations are remarkable for their potential applications in high mobility 2DEGs due to the 

low electron-phonon scattering and expected reduction in ionized impurity scattering in BSO from 

modulation doping [239,254]. A significantly larger degree of charge transfer to produce a Sn3+ 

electronic state is observed in the SHO-capped sample in comparison to the uncapped sample, 

demonstrating the significance of the SHO capping layer in preservation of the metastable SNO film. 

The diffusion of electrons deep into the BSO layer away from the interface BSO layer to sustain Sn3+ 

electronic states as suggested by our model is an interesting observation. However, lab-based ARXPS 

is relatively insensitive to this diffusion, which merits further study using advanced techniques such 

as hard X-ray photoemission (HAXPES) [237,248]. Due to the large degree of dispersion in for Sn 

5s states in BSO, significantly greater electron diffusion into the film would be expected in 

comparison to the more localized transition metal d states that are commonly studied in oxide 

interfaces. 

7.5 Conclusion: 

In conclusion, SNO growth by hMBE approach using the metalorganic TDTBN precursor on BSO 

on Nb:STO substrate to create SNO/BSO heterostructure has been successfully demonstrated. The 

degree of charge transfer at the SNO/BSO interface is demonstrated from fitting of the Sn 3d5/2 

oxidation state by XPS. A quantitative analysis of peak area under the curve shows that the capping 

layer of SHO has great role in improvement of charge transfer mechanism in SNO/BSO interface. 

ARXPS analysis of Sn 3d core level provides the signature of charge transfer in SNO/BSO 

heterostructure which opens the door for future investigation of charge transfer mechanism and 
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mobility measurement in SNO/BSO system. Based on our ARXPS results, the interface BSO layer 

contains ~30% Sn3+ electronic states, indicating considerable charge transfer from SNO to BSO that 

is at least an order of magnitude greater than previous reports. This degree of electronic concentration 

for this SNO/BSO system is highly promising for high mobility 2DEG applications.  
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Chapter 8 

Conclusions and Future Work      

8.1 Conclusions 

This work has focused on the epitaxial growth of single crystal perovskite oxides SrTiO3 (STO), 

SrHfO3 (SHO) and SrNbO3 (SNO) using the hybrid molecular beam epitaxy (hMBE) approach. It has 

demonstrated the effectiveness of metal organic precursors in supplying low vapor pressure transition 

metals Ti and Nb in STO and SNO synthesis by hMBE. The synthesis challenges associated with the 

growth of STO and SNO are discussed and resolved leading to high quality epitaxial thin films. The 

added difficulty due to the metastable nature of SNO thin films is appropriately addressed. The key 

focus of this study was to characterize the surface of STO and SNO thin films due to their impressive 

role in interfacial properties. Multiple thin film characterization techniques were employed to study 

the surface related properties including in-vacuo X-ray photoelectron spectroscopy (XPS), a major 

characterization tool used throughout the study. Despite some difficulties in quantitative analysis in 

XPS, qualitative analyses played a crucial role in accelerating the growth process. I have also created 

and studied an SNO/BaSnO3 (BSO) interface by depositing SNO on an as-grown BSO layer using 

the hMBE approach for the first time. This novel SNO/BSO interface is characterized to investigate 

the charge transfer properties from the SNO layer to the interface BSO layer which carries great 

importance in high mobility 2DEG research. 

The homoepitaxial STO synthesis is carried out using TTIP as a metal organic precursor by hMBE 

techniques. In- situ RHEED played a crucial role in monitoring film growth in real time. Our primary 

interest in stoichiometry and surface terminations of homoepitaxial STO films is addressed by in-

vacuo XPS characterization for the first time. Our findings show that the SrO termination is needed 
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to synthesize a stoichiometric film, as measured by XRD. More importantly, RHEED, LEEM, LEED, 

and STM studies verify that surface reconstruction is associated with ideal film stoichiometry. 

Possible carbon contamination in the film is ruled out using in-vauo XPS and is likely due to high 

growth temperatures that help to maintain clean sample surfaces for interfacial characteristic integrity. 

Synthesis of a metastable SNO thin film demonstrated the capabilities of the hMBE technique in 

utilizing a new TDTBN precursor for the first time. For preservation of a metastable state in SNO, a 

SHO capping layer was deposited immediately after the SNO growth which resulted in increasing 

electronic density of states near the Fermi level. XRD, XAS and XPS used to characterize the SNO 

thin film showed that both the quality and thickness of the capping layer are important in preserving 

the metastable state of SNO film surface. Most notably, this study opens the door for future 

exploration of interfacial phenomena in SNO related heterostructures, which has not been explored 

previously due to an unavailability of SNO films deposition by standard deposition technique, hMBE. 

To study the possible charge transfer properties of SNO/BSO interfaces, SNO thin films were grown 

on BSO substrates using hMBE with a TDTBN precursor. The creation of these materials 

demonstrates their successful synthesis using the hMBE approach. RHEED and AFM show that the 

SNO films are high-quality. The qualitative study of charge transfer at the SNO/BSO interface is 

demonstrated from analysis of the Sn 3d5/2 core level from XPS scan. Peak area fitting under the curve 

is used to highlight the role of the SHO capping layers in improving the charge transfer mechanism 

at the SNO/BSO interface. XPS studies of the Sn 3d core level revealed a signature characteristic of 

charge transfer properties in SNO/BSO heterostructures thereby opening the door for future 

investigations into charge transfer mechanisms and mobility measurements.  
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8.2 Future Work 

This dissertation provides a clear path for future research that seeks to improve the quality of 

metastable SNO thin films. Future studies could seek to tune SHO capping layer thicknesses which 

would preserve the SNO film surface after an exposure to the atmosphere but also allow for depth-

sensitive characterization. Future work could involve the basic physical properties of the hMBE 

grown SNO films including investigating the band structure via angle resolved photoelectron 

spectroscopy (ARPES) [211] and crystal structure through various microscopy techniques. Also, 

improving the charge transfer properties at the SNO/BSO interface could be done by synthesizing or 

modeling SNO and BSO layers at varying thicknesses. Mobility measurements on SNO/BSO 

interfaces could be performed to investigate the material’s high mobility applications as an alternative 

to the traditional wide band gap semiconductor based system [36]. Related to this, evaluation of the 

effective masses of conducting free electrons in the Sn s states would complement high mobility 

property investigations.   

While care must be taken to maintain growth chamber cleanliness [95], consecutive SNO and BSO 

synthesis within the same MBE system may lead to increased purity at the SNO/BSO interface and 

may reveal properties that may not be observable in samples where SNO and BSO are grown in 

separate systems which involves atmospheric exposure. Complementary spectroscopy 

characterization using techniques such as hard X-ray photoelectron spectroscopy (HAXPES), which 

probes deeper into sample surfaces than standard XPS, could provide better understanding on the 

charge transfer mechanisms at the interface. These studies along with investigations into the physical 

properties of sample surfaces and interfaces provide future exploration opportunities in the field of 

high mobility oxide 2DEG materials.                                    
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Appendix A 

Correlating surface stoichiometry and termination in SrTiO3 films grown by hybrid 

molecular beam epitaxy 
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Supporting Information 

I. Ti 2p:Sr 3d peak area ratio  

In order to understand how much shift in Ti 2p : Sr 3d peak area ratio could occur from experimental 

result if the film has completely either terminations, a simple theoretical model was created. In this 

model, an intensity I(z) of SrO and TiO2 layer in a STO film was calculated by assuming complete 

(𝐴𝑆𝑟𝑂/𝑇𝑖𝑂2
= 1) SrO and TiO2 termination in each half a unit cell STO film depth (z) alternately up-

to 5 nm. For the x-ray incident angle (θ) of 45°and wavelength (λ) 1.5 nm, all the calculated intensities 

mailto:ryan.comes@auburn.edu
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are summed and evaluated the ratio of 𝐼𝑇𝑖𝑂2
(𝑧) to 𝐼𝑆𝑟𝑂(𝑧) . In comparison to the STO substrate the 

area ratio shifts up-to ~20% depending upon the type of termination. 

           𝐼(𝑧) = 𝐴𝑆𝑟𝑂/𝑇𝑖𝑂2
𝑒−𝑧/𝜆𝑐𝑜𝑠𝜃                                                             (1) 

II. Carbon contamination 

Figure S1 shows the core level XPS scan of a representative film with photoelectrons takeoff angle 

at 45°. The C 1s peak is negligibly small in comparison with the nearby Sr 3p peaks. 

 

Figure S1: C1s core level with x-ray incident angle 45°. 

III. Principal Component Analysis 



 137 

 

Figure S2: K-means clustering for samples (a)-(e) using 2-4 clusters.  

Figure S2 shows K-means clustering for the 5 samples, with clear trends between the stoichiometric 

samples (740 and 780) and those that are non-stoichiometric (837, 856, and 880). The stoichiometric 

samples exhibit minimal changes to the RHEED pattern during growth, with the only apparent change 

in the clustering occurring in Sample 740 after transitioning to the step-flow growth regime. 

Meanwhile, the off-stoichiometric samples have abrupt changes in clustering, which suggests an 

accumulation of defects over the course of the growth due to excess Ti flux. 

IV. RHEED and XPS data for sample 740 on Nb-doped STO
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Figure S3: RHEED patterns along (110) and (100) azimuth for STO film on Nb doped STO 

substrate. 

 Figure S3 is a RHEED pattern for the sample grown on the Nb-doped STO substrate with the 

same nominal stoichiometry and cation ratio (~0.6) from the XPS analysis as Sample 740. Surface 

reconstructions are more visible compared to 740 sample along either azimuth. Reconstruction 

peaks indicate that a c(2×2) reconstruction and (2×2) reconstruction are present, in agreement with 

the observations by LEED and LEEM. 
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Figure S4: O1s core level with x-ray incident angle 45֯ and 70֯ for STO film on Nb doped STO 

substrate. 

Figure S4 shows the O 1s the equivalent deconvolution with constraints as described in the main 

text for the LEEM/LEED sample grown with the same nominal stoichiometry and cation ratio 

(~0.6) from the XPS analysis as Sample 740 on a Nb-doped STO substrate. As with Samples 740 

and 780, this deconvolution shows that the surface oxygen peak at 532.3 eV is more pronounced 

by relatively surface sensitive orientation of the XPS measurement. The magnitude of the surface 
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component is nearly same as that for the 740 sample. A comparable cation area ratio along with O 

1s peak deconvolution reflects same surface chemistry as 740 sample.  

IV. RHEED and XPS data for SrO-terminated STO 

 

Figure S5: RHEED patterns along (110) and (100) azimuth for SrO-terminated STO. 

Figure S5 is a RHEED pattern for the SrO terminated STO substrate.  

 



 141 

 

Figure S6: O1s core level with x-ray incident angle 45֯ and 70֯ for SrO-terminated STO. 

Figure S6 shows the O 1s the equivalent deconvolution with constraints as described in the main 

text for the SrO-terminated STO substrate. As with Samples 740 and 780, this deconvolution 

shows that the surface oxygen peak at 532.3 eV is more pronounced by relatively surface sensitive 

orientation of the XPS measurement. A comparable cation area ratio along with O 1s peak 

deconvolution reflects same surface chemistry as 740 sample. 
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V. Angle-resolved XPS Single Crystal Reference Data 

 

Figure S7: Replication of Figure 5.2a including angle-resolved data for single crystal substrates. 

VI. Ti 2p XPS Comparison 

 

Figure S8: Comparison of Ti 2p spectra for (a) Sample 798 and (b) Sample 740. 
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Figure S8 shows Ti 2p spectra for the off-stoichiometric Sample 798 and stoichiometric Sample 

740. Fits to the data by assuming only a Ti4+ valence for both samples are essentially identical, 

suggesting that differences in oxygen vacancy concentrations between samples are not responsible 

for the differences in XRD patterns. Both spectra were acquired at 45° electron emission angles. 

VII. SrTiO3 Films Atomic Force Microscopy 

 

Figure S9: Atomic force microscopy images of SrTiO3 homoepitaxial films with flux ratios (a) 

758; (b) 798; (c) 856. 

Figure S9 shows atomic force microscopy images of selected SrTiO3 homoepitaxial films with 

varying cation flux ratios. The films exhibit similar wedding cake morphologies, albeit with 

slightly feature size. The morphology is analogous to what is observed by scanning tunneling 

microscopy reported in the main text. 
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Figure S10: RHEED patterns along (110) and (100) azimuth for samples 758 and 798. 

Figure S10 shows the RHEED patterns for sample 758 and 798. 
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Appendix B 

Surface Stability of SrNbO3+δ Grown by Hybrid Molecular Beam Epitaxy 

Suresh Thapa1, Sydney Provence1, Steve M. Heald2, Marcelo A. Kuroda1, and Ryan B. Comes1 

1Department of Physics, Auburn University, Auburn, AL 36830, USA 

2Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, USA  

Supplemental Information: 

Table S1: Position constraints for Nb3d core level deconvolution 

 

 

 

 

 

Sample ID 

 

Position Constraints (eV) 

Nb 5+ Spin-orbit 

splitting 

(black/brown) 

Nb 4+ Spin-

orbit splitting 

(red/orange) 

Hf 4+ 

(grey/green) 

Hf satellite 

peaks relative 

to primary Hf 

4+ 

(blue/violet) 

Uncapped SrNbO3 2.7  2.65 - - 

Capped samples 3.05 3.4 Unconstrained 7.0 
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Figure S1: RHEED images along 110 azimuths during hot for SrNbO3 films before (top) and after 

(bottom) SrHfO3 capping of (left) 2 unit cells, (middle) 3 unit cells, and (right) 4 unit cells. 
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Figure S2:  AFM topography of SrHfO3 film 

 

 

 

Figure S3: (a) C 1s and (b) N 1s on uncapped SNO sample 
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Figure S4: XPS valence band spectra of a thin capped sample fitted with Fermi-Dirac function 
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Figure S5: XRD of SrHfO3 on GdScO3 and RHEED (inset) 

 

 


