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Abstract 

 

 BaSnO3 (BSO) is one of the most promising semiconducting oxides currently being 

explored for use in future electronic applications.  BSO possesses a unique combination of 

high room temperature mobility (even at very high carrier concentrations, >1019 cm-3), 

wide band gap, and high temperature stability, making it a potentially useful material for 

myriad applications.  Significant challenges remain however in optimizing the properties 

and processing of epitaxial BSO, a critical step towards industrial applications.  In this 

study we investigate the viability of using high pressure oxygen sputtering to produce high 

mobility La-doped BSO thin films.   

 In the first part of our investigation we synthesized, using solid state reaction, 

phase-pure stoichiometric polycrystalline 2% La-doped BaSnO3 for use as a target material 

in our sputtering system.  We verified the experimental bulk lattice constant, 4.117 Å, to 

be in good agreement with literature values.  Next, we set out to optimize the growth 

conditions for DC sputtering of La doped BaSnO3.  We found that mobility for all our films 

increased monotonically with deposition temperature, suggesting the optimum temperature 

for deposition is >900°C and implicating a likely improvement in transport properties with 

post-growth thermal anneal.  We then preformed systematic studies aimed at probing the 

effects of varying thickness and deposition rate to optimize the structural and electronic 

transport properties in unbuffered BSO films.   

In this report we demonstrate the ability to grow 2% La BSO thin films with an 

effective dopant activation of essentially 100%.  Our films showed fully relaxed (bulk), 

out-of-plane lattice parameter values when deposited on LaAlO3, MgO, and 
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(LaAlO3)0.3(Sr2TaAlO6)0.7 substrates, and slightly expanded out-of-plane lattice parameters 

for films deposited on SrTiO3, GdScO3, and PrScO3 substrates.  The surface roughness’s 

of our films were measured via AFM, and determined to be on the nm scale or better.  

Specular XRD measurements confirmed highly crystalline films with narrow rocking curve 

FWHMs on the order of 0.05°. The optimum thickness found to maximize mobility was 

around 100 nm for films deposited at ~8 Å/min.  These films exhibited room temperature 

mobilities in excess of 50 cm2V-1s-1 at carrier concentrations ~3 x 1020 cm-3 across 4 

different substrate materials (LaAlO3, SrTiO3, GdScO3, and PrScO3).  Contrary to 

expectations, our findings showed no dependence of mobility on substrate mismatch, 

indicating that threading dislocations are either not the dominant scattering source, or that 

threading dislocation density in the films was constant regardless of the substrate. 

The highest mobility film achieved in this study, 70 cm2V-1s-1, was measured for a 

film grown at a considerably slower rate (~2 Å/min) and lower thickness (~380 Å).  Said 

film was deposited on a PrScO3 (110) substrate, the most closely lattice matched substrate 

commercially available for BSO (–2.2% pseudo-cubic).  This film showed a high out-of-

plane lattice parameter from X-ray diffraction (aop = 4.158 Å), suggesting a significantly 

strained film.  This result highlights the possibility of sputtering coherent, fully strained, 

BSO films, far exceeding the theoretical critical thickness for misfit dislocation formation, 

on closely lattice matched substrates.  

Overall, this work validates the concept of high pressure oxygen sputtering to 

produce high mobility La-doped BSO films.  The mobility values reported in this thesis 

are comparable to those found for films deposited via pulsed laser deposition in previous 

studies, and represent record values for sputter deposited BSO thin films. 
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Chapter 1: Introduction and Background Information 

1.1 Complex Oxides 

In the past few decades an increasingly large segment of the scientific community, 

especially in the fields of condensed matter physics and materials science, have dedicated 

themselves to research and development of complex metal oxides.  Complex oxide material 

systems have been shown to exhibit a range of extraordinary physical properties and 

functionalities, including high temperature superconductivity, colossal magnetoresistance, 

high κ dielectrics, (anti-) ferromagnetism, (anti-) ferroelectricity, piezoelectricity, and 

multiferroicity.[1-4]  Although 

complex oxides span an immense 

range of compositions, many of 

the most widely studied and 

technologically relevant share 

some significant structural 

characteristics.  These important 

materials belong to the group of 

crystal structures known as 

perovskites.  Perovskite oxides 

hold promise for a diverse set of 

applications: SOFCs (solid oxide fuel cells)[5], photocatalysis[6], MIECs (mixed ion-

electron conductors)[7], non-volatile RAM[8,9], transparent electronics (in solar 

Fig. 1.1: A schematic diagram highlighting the diverse range of 

functionalities of complex oxide materials. [52-54] 
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cells)[10], dielectric resonators (communication technology)[11], thermoelectrics[12], as 

well as many other spintronic and oxide heterostructure devices.[13] 

 

1.2 Perovskites  

 Perovskite is the common name for the mineral calcium titanium oxide (CaTiO3). 

Named after the mineralogist Lev Perovski, it was first discovered in the Ural Mountains 

in the mid-19th century.  Since that time however, the term “perovskite” has come to 

represent a category of similar crystal structures, based on the original mineral which bears 

its name.  The general stoichiometry for perovskites is ABX3, with ‘A’ and ‘B’ representing 

different cations, and X representing the anion.  Although many common perovskites are 

oxides (X = O), other chalcogens (S, Se, Te) and halogens (F, Cl, Br, I) are also possible.  

Most ‘A’ site elements in perovskite oxides are alkaline earth (AE) or rare earth (RE) 

metals, while ‘B’ site elements are typically transition metals (TM).  In fact, many 

perovskite oxides are more generally referred to as TMOs (transition metal oxides), 

because of the importance of the TMs to the observable properties.  This dependence is 

primarily due to the electronic interactions of the d orbital electrons in transition 

metals.[14-16]  The strong correlation between d shell electrons of TMs can give rise to a 

variety of  physical phenomena, such as Mott insulators, spin and orbital orderings, metal-

insulator transitions, multiferroics, and superconductivity.[17]  On the other hand, the ‘A’ 

site elements, AEs especially, tend not to effect observable properties, other than through 

size effects, due to their tendency to form closed shell electronic configurations.[18]  Not 

all perovskite oxides contain transition metals, p-block metals and some metalloids are also 
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common ‘B’ site constituents.  In many cases, however, these elements take on TM-like 

electronic configurations when ionized. Indeed, the versatility of the perovskite structure 

to accommodate a remarkable variety of chemistries is well documented.  It has been 

estimated that over 90% of the metallic elements of the periodic table can be incorporated 

solely in the ‘A’ or ‘B’ sites of a perovskite oxide, without destroying the perovskite 

structure.[19]  With so many possible elemental combinations and the wide range of 

properties they exhibit, research interest around perovskite oxides seems likely to endure 

well into the future. 

1.2.1 Structural Characteristics of Perovskites 

 The ABO3 perovskite oxide crystal structure, shown in Fig. 1.2, can be simply 

described using the traditional unit cell cube with the ‘A’ site on the corners, the ‘B’ site at 

the center, and the oxygen at the midpoints of the cube faces.  However, this representation 

is an oversimplification for most perovskites, and is totally inaccurate for others.  Indeed, 

perovskite materials take on many distinct crystal systems with different lattice 

symmetries.  The defining characteristic of the perovskite structure is the coordination of 

the ‘B’ site cation, which manifests itself as BO6 octahedra.  This is schematically depicted 

in the right panel of 

Fig. 1.2, 

recognizing the 

BO6 octahedra as 

the primary feature 

of perovskite Fig. 1.2: Schematic diagram of the perovskite oxide crystal structure in both the 

traditional ‘unit cell’ representation (right) and as an array of BO6 octahedra (left). 

[20] 
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oxides.  Visualizing the structure 

in this way allows one to more 

easily envision deviation from the 

cubic structure.  Depending on the 

relative size of the constituent 

atoms, the BO6 octahedra may 

‘tilt’ to more efficiently fill space 

and lower lattice energy.  This 

phenomenon, shown schematically in Fig. 1.3, is what gives rise to perovskites with non-

cubic symmetry.  Rotations of the BO6 octahedra about different crystalline axes can result 

in different crystal symmetry, which has a profound impact on material properties.  For 

example, Fig. 1.4 shows the different crystal structures attained upon out-of-phase rotations 

of the BO6 octahedral lattice about two Cartesian axes versus all three (a tetragonal 

structure would result from such a rotation about just one axis).[18]  Cubic, orthorhombic, 

and rhombohedral crystal structures are all commonly found in perovskites, while 

tetragonal and hexagonal structures are also observed.  A simple geometric argument, 

known as the Goldschmidt tolerance factor, was developed to help categorize the crystal 

structures of perovskites.  By imagining atoms in a crystal as rigid spheres with known 

ionic radii, this metric attempts to quantify the degree of lattice distortion from the ideal 

cubic structure due to size effects alone.[22]  In the cubic perovskite structure, the lattice 

parameter, a, is represented by the following equalities:  𝑎 = √2𝑟𝐴 + 𝑟𝑋 = 2(𝑟𝐵 + 𝑟𝑋), 

where 𝑟𝐴, 𝑟𝐵, and 𝑟𝑋 are the respective ionic radii.  The tolerance factor, t, is then the ratio: 

Fig. 1.3: Schematic representation illustrating the tilting of BO6 

octahedra in the perovskite structures. In the diagrams, the ‘A’ site 

is shown in the center, and the anion sites are at the corners of the 

octahedra.[21] 
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𝑡 =
𝑟𝐴+𝑟𝑋

√2(𝑟𝐵+𝑟𝑋)
.  It has been experimentally observed that for about 0.9 < t < 1 the cubic 

structure is preferred, 0.75 < t < 0.9 is orthorhombic or rhombohedral, and for t > 1 

tetragonal or hexagonal structures are stable.[13,23]  Further distortion can result in 

structures with a reduced ‘B’ site coordination.  These structures, such as bixbyite and 

garnet, are related but fundamentally distinct from perovskites.[22]  Although the tolerance 

factor only takes into account size effects, there are other sources of distortion in real 

perovskite crystals.  Namely, cation displacement (in piezoelectrics / ferroelectrics), 

deviations from ideal stoichiometry (substitutional defects/vacancies), and Jahn-Teller 

effects (compression or elongation of BO6 octahedra).[13]  It is especially important to 

study the sources of distortion in perovskite oxides, because of the direct influence the 

lattice symmetry has on electronic and magnetic properties.  Understanding the delicate 

interplay between structure, chemistry, and their effect on material properties is a critical 

step in the development of perovskites oxides as functional materials for applications. 

 

Fig. 1.4: Schematics diagrams depicting the different crystal symmetries resulting from different rotations of 

BO6 octahedra with respect to the ideal cubic starting point. The rhombohedral structure (Left) is obtained 

by rotating about the [111] crystallographic direction, and the orthorhombic structure (Right) about the 

[110].[18] 



6 
 

1.3 Strontium Titanate, the Archetypal Perovskite 

 Strontium titanate SrTiO3 (STO), perhaps best known as a popular substrate 

material for epitaxy of complex oxides, has been by far the most researched perovskite 

oxide to date.[22,24]  STO has been continuously studied since the 1940s, and is the most 

well understood of all the perovskite oxides.  Indeed, the study of STO’s structural 

characteristics and electronic properties has proven invaluable to researchers examining 

other perovskite materials and heterostructures.  Therefore, a review of the properties of 

STO should provide a practical framework for the ideas expressed throughout this thesis 

and the science of perovskite oxides in general.   

At room temperature, STO forms in the ideal cubic perovskite structure (space 

group Pm3̅m). It has a tolerance factor of very nearly 1 and lattice a constant of 3.905 Å.  

STO is paraelectric with a large dielectric constant, around 300 at room temperature 

increasing to order ~104 at low temperatures.[25]  Its thermoelectric properties make it a 

potentially useful material at high temperature, with a figure of merit at 1000 K of around 

0.34.[26]  In its ground state, STO is a band insulator with an indirect gap of 3.2 eV 

separating the O 2p valence band from the Ti 3d conduction band.[27]  The d-character of 

the conduction band leads to a relatively high electron effective mass. Ab-initio calculations 

have given electron effective masses, m*, of 0.8 – 4.8 m0, while experimental 

measurements yield 1.2 – 5.0 m0 from specific heat and spectroscopic techniques.[28-31]  

STO is highly insulating and transparent when pure, but can easily be made conductive 

with the addition of a variety of doping elements, such as Nb5+ / Sb5+ substituted for Ti4+, 

or Sc3+ / La3+ for Sr2+.   Indeed, n-type doped STO, has been studied extensively, reportedly 
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reaching electron mobility as high as 100,000 cm2V-1s-1 in strained thin films at very low 

temperatures.[32]  At room temperature however, electron mobilities of only ~10 cm2V-1s-1 

have been established as the limit for STO.[33]  Still, STO has long exhibited the highest 

mobility of any perovskite oxide until the discovery of BaSnO3.  

The electronic structure of STO is representative of many other perovskite oxides, 

and is closely tied to its observable properties.  While the ionic character of the Sr2+ 

effectively isolates it from influencing band formation, the titanium-oxygen bonding in 

TiO6 octahedra shows significant covalency due to the hybridization of O-2p and Ti-3d 

electronic orbitals.[34]  Specifically, this involves the breaking of the degeneracy of the 3d 

orbitals on the B site (Ti), when octahedrally coordinated by oxygen.  The five-fold 

degenerate d orbitals split into the lower energy t2g triplet and the higher energy eg 

doublet.[23,24]  These t2g orbitals can then couple to the orbitals of the neighboring TM 

through the 2p orbitals of the oxygen  between them.  In STO, this electronic structure 

leads to some interesting properties and phase transitions upon reducing temperature.  At 

300K, the 3d0 electronic configuration of Ti allows it to form perfect octahedra with 

Fig. 1.5: A schematic diagram illustrating the symmetry breaking and corresponding structural and electronic 

phase transitions in STO with decreasing temperature.[24] 
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oxygen.  That is, all the Ti-O bonds are the same length and all the Ti-O-Ti bond angles 

are 180°, providing the perfect cubic structure.  As the temperature is reduced, adjacent 

TiO6 octahedra rotate in opposite directions, and the optimal Sr-O and Ti-O bond lengths 

are reduced to produce more efficient packing.  This results in a change in the Ti-O-Ti 

bond angle away from 180°, and the breaking of the cubic symmetry.  This transition, 

which occurs at 105 K, leads to a tetragonal symmetry and results in emergent 

ferroelasticity.[24]  Further reduction in temperature leads to more electronic transitions, 

like quantum paraelectricity (ferroelectricity for O18 isotopes) and superconductivity.  A 

summary of the observed transitions in STO with decreasing temperature is shown 

schematically in Fig. 1.5.  Without discussing the precise details, the main takeaway from 

the transitions in Fig. 1.5 is simply the observation of the complicated and delicate 

relationship between crystal symmetry and material properties in perovskite oxides. 

 

1.4. Heterostructures and Interfacial Phenomena 

 As mentioned above, perovskite oxides exhibit an impressive range of properties 

and functionalities, but still more remarkable phenomena emerge when different 

perovskites are combined to form heterostructures.    Heterostructures are synthetic 

material systems composed of distinct layers stacked one on top of another.  They can be 

as simple as a single interface between two layers, or as complex as tricolor superlattices, 

where three perovskite materials are stacked sequentially to exploit emergent phenomenon 

or interfacial coupling.  For example, the CaTiO3/SrTiO3/BaTiO3 superlattice has been 

shown to exhibit a spontaneous electric polarization (ferroelectric) across the entire 
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superlattice.[36-38]  To synthesize such intricate material systems, deposition processes 

with atomic scale precision are required. Indeed, advancements in thin film technology, 

such as molecular beam epitaxy (MBE) and reflection high energy electron diffraction 

(RHEED) have been the harbinger of the burgeoning field of oxide heterostructures.[35]  

When heterojunctions are formed between oxide layers of differing chemistry and structure 

their fundamental degrees of freedom intermix, in some cases creating whole new states of 

matter with properties not present in either bulk compound.  This idea is depicted 

schematically in Fig. 1.6, where an arbitrary oxide interface is shown along with the four 

fundamental degrees of freedom which cooperate/compete at the junction.  A typical 

example of a perovskite interfacial phenomenon, is the two dimensional electron gas 

(2DEG) that forms at the interface between two insulating oxides, LaAlO3 and SrTiO3.  A 

charge imbalance is built up at the interface, due to the differing oxidation states of the 

constituent cations (La3+/Al3+ vs. Sr2+/Ti4+), which necessitates the accumulation of 

spatially confined charge carriers to maintain balance.  Thus the interface of these two 

insulating materials can become a conductor.  The emergent phenomena at hetero-

interfaces are due to disruptions of the lattice symmetry, and their subsequent effect on 

Fig. 1.6: A schematic example of a perovskite oxide heterostructure (Left), and the various degrees of 

freedom whose interactions define the interfacial region (Right).[35] 
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charge, spin, and orbital ordering.  

Fig. 1.7 summarizes the important 

relationships between the 

fundamental degrees of freedom, the 

relevant symmetries involved at 

interfaces, and the resultant 

phenomena observed.  Today, the 

research and understanding of 

complex oxide interfaces and 

heterostructures is still in its earliest 

stages of development.  

Nevertheless, oxide interface and heterostructure phenomena already hold great promise 

toward applications, such as multiferroic heterostructures for low power, voltage 

switchable, magnetic elements, multilayer oxides as ultrahigh energy density capacitors, 

and oxide interface 2DEGs as potential next generation field effect transistors.[39-41]     

1.4.1 Two-Dimensional Electron Gas 

 Of the many emergent phenomena at oxide interfaces, two-dimensional electron 

gas (2DEG) formations are among the most widely studied.  The unprecedented success of 

silicon based metal-oxide-semiconductor field effect transistors (MOSFETs), which 

feature 2DEG formation and modulation, have sparked the search for novel materials for 

use in next generation electronic devices.  One important aspect in improving transistor 

efficiency is developing atomic-scale systems which are capable of controlling extremely 

Fig. 1.7: A schematic diagram illustrating the correlation 

between emergent interfacial phenomena, symmetry effects 

(lattice) and the other fundamental degrees of freedom. [23] 
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high charge densities.  For comparison, Si-based and N-based semiconductor devices are 

able to support charge densities of about 1012 cm-2 and 1013 cm-2 respectively.[41]  

However, recently discovered complex oxide interfaces have demonstrated significantly 

higher 2DEG charge densities, up to 3 x 1013 cm-2 at LaAlO3/SrTiO3 interfaces, 3 x 1014 

cm-2 at GdTiO3/SrTiO3, and an unprecedented 3 x 1015 cm-2 in NdTiO3/SrTiO3 

heterojunctions.[41-43]  Although the mechanisms for interfacial conduction are still not 

fully understood, one intuitive explanation involves the occurrence of the so called ‘polar 

catastrophe’ at the interface.    Along the [100] direction, one can consider the materials 

LaAlO3 and SrTiO3 as corresponding layers of LaO+/AlO2
- and SrO/TiO2.  When the TiO2 

layer contacts the LaO layer specifically, the Ti is able to change oxidation state to 3+, 

generating a conduction band electron to neutralize the charge imbalance.  These charge 

carriers are thus spatially confined to the interface, hence the term 2DEG.  This concept is 

shown schematically in Fig. 1.8. 

 In addition to carrier concentration, the other important transport parameter for 

2DEG applications is the carrier mobility.  Extremely high electron mobilities, on the order 

Fig. 1.8: A schematic diagram illustrating the mechanism of polar catastrophe at the interface of SrTiO3 and 

LaAlO3, and how it can lead to a conductive interface.[44] 
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of ~104 cm2V-1s-1 at low temperatures, have been observed in perovskite titanate 

heterostructures.  More recently, ZnMgO/ZnO heterostructures have produced 2DEG 

systems with mobilities greater than 106 cm2V-1s-1.[45-50]  However, this outstanding 

mobility diminishes significantly at elevated temperatures, with room temperature mobility 

on the order of ~10 cm2V-1s-1 in SrTiO3.  This reduced mobility may be attributed to the 

high effective mass in perovskite titanates, due to their conduction band’s strong 3d 

character.[51]     

 

1.5. High Mobility Oxides: The Alkaline Earth Stannates and BaSnO3 

One important material feature still missing for many oxide applications is a high 

room temperature mobility oxide semiconductor.  Indeed, a high mobility perovskite 

material would undoubtedly see widespread application, as, among other things, a 

conductive channel for electrons between different functional perovskites in 

heterostructures devices.[55]  Some perovskites, such as STO, and oxide heterojunction 

2DEGs display high electron mobilities, but only at low temperatures.  Thus the challenge 

remains to develop an oxide material with high mobility at or above room temperature.  

The alkaline earth stannates, ASnO3 (A = Ca, Sr, Ba), are one such group of perovskite 

oxide materials, which hold great promise for high room temperature mobility.  By 

replacing Ti, in STO for example, with the Group IV metal Sn, the conduction band can be 

made to feature primarily Sn 5s character.  The electronic configuration of Sn4+ in 

perovskite SnO6 octahedra is [Kr]4d10, with the lowest energy unoccupied orbital being the 

highly delocalized 5s.  This leads to the hybridization of Sn 5s and O 2p orbitals, which 
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then make up anti-bonding states at the conduction band minimum.[51]  The antibonding 

s states that make up the conduction bands of alkaline earth stannates, lead to a more 

disperse electron density and substantially lower effective mass when compared to 

perovskites with d state conduction bands.  This observation is supported by numerous first 

principles density functional theory (DFT) calculations,[51,56-58] and it has been shown 

experimentally that alkaline earth stannates, specifically BaSnO3, do indeed possess 

superior mobility.  In a study published in 2012, Kim et al. discovered that single crystal 

La-doped barium stannate (BSO) exhibited unprecedented room temperature electron 

mobilities.  The Hall mobility, μ, of single crystal BSO, doped with order 1020 cm-3 n-type 

carriers, was found to be 320 cm2V-1s-1 at 300 K, constituting the highest room temperature 

mobility for a wide band gap semiconductor ever reported.[59]  Since this fascinating 

discovery, there have been dozens of scientific studies conducted around the world to 

further explore this potentially groundbreaking material.  

1.5.1 Basic Properties of BaSnO3 

Similar to the previously discussed STO structure, BSO also forms an ideal cubic 

perovskite (space group Pm3̅m) at room temperature.  Ba+2 cations occupy the ‘A’ site, 

while Sn+4 occupies the ‘B’ site forming the fundamental SnO6 octahedra.  The lattice 

parameter for bulk single crystal BSO is 4.116 Å, and the O-Sn-O bond angle is the ideal 

180°.[59]  BSO remains cubic down to very low temperatures (< 10 K)[57], although, 

based on calculated phonon spectra, slight distortions of the SnO6 octahedra are possible 

going to even lower temperatures.[51,58,60]  BSO is reportedly stable up to very high 

temperatures  (~1000°C), with oxygen stability reportedly up to 530° C, and relatively low 
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thermal expansion (0.93-0.96 x 10-5 K-1).[57,59,61-63]  These properties make BSO a 

potentially versatile material in myriad high temperature/high power applications. 

Pure undoped BSO is a wide band gap semiconductor.  At room temperature is has 

a resistivity of >106 Ωcm with an indirect band gap of 3.1 eV.[56,64]    As detailed in the 

previous section, the conduction band of BSO is mainly derived from Sn 5s states, while 

the valence band is primarily derived from O 2p.[56,65]  According to the Drude model of 

drift velocity in crystals, carrier mobility is inversely dependent on the carrier (electron or 

hole) effective mass according to the equation: 

 𝜇 = 𝑒𝜏/𝑚∗ (1) 

where μ is the mobility, e is the electronic charge, τ is the time between scattering events 

(inverse scattering rate), and m* is the effective mass.  A decrease in the effective mass will 

thus lead to a greater mobility.  Fig. 1.9 shows the electronic band structure of BSO, along 

with the partial density of states (DOS), as calculated from first principles by Stanislavchuk 

et al.[58]  From the band diagram, it is clear that BSO has an indirect gap and a Sn 5s 

conduction band.  Theoretical calculations of the band gap underestimate the experimental 

values of > 3 eV.  Fig. 1.9, for example, shows an indirect gap only 2.83 eV.  Also of note 

is the difference in curvature near the valence band maxima and the conduction band 

minima.  The greater curvature near the conduction band minima indicates relatively low 

electron effective masses, while the opposite is true for holes near the valence band 

maxima.  First principles calculations have estimated the electron effective mass from 0.06-

0.4 m0, and hole effective masses from 1.5-6.3 (for light holes).[56,66,67]  (Note: until 



15 
 

very recently, p-type doping had not been explored in BSO) Electron effective mass has  

also been experimentally measured in La-doped BSO to be 0.2-0.6 m0, via the Burstein-

Moss shift and plasma frequency methods.[56,68]  These effective masses are comparable 

to those of other well-known wide band gap oxide semiconductors, such as In2O3: 0.3 m0, 

SnO2: 0.4 m0, and ZnO: 0.2 m0.[69-71]  The relatively small electron effective mass in 

BSO compares favorably with, for example, perovskite titanates, and is likely a significant 

factor in its enhanced mobility. 

 The other factor in Eq. 1 which impacts mobility is τ, the scattering time.  Limiting 

the sources of carrier scattering (i.e. increasing the time between scattering events), is 

another way of improving mobility.  Sources of scattering in crystalline solids include 

electron-phonon interactions, ionized impurities, dislocations, grain boundaries, and in thin 

Fig. 1.9: Electronic band diagram (left) and density of states (right) of BSO as calculated from DFT by 

Stanislavchuk et al.[58] Note: In the right graph, red corresponds to p states, blue shaded corresponds to s 

states, and green shaded corresponds to d states. 
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films the impact of finite thickness can exacerbate surface and/or substrate-interface 

scattering effects.  For single crystal BSO, the scattering sources thought to limit mobility 

at room temperature are optical phonons and ionized impurities (for dopant densities above 

~ 1019 cm-3).[114,137]  However, the scattering rate due to optical phonons has been 

calculated to be roughly an order of magnitude smaller than in STO.[137]  This reduction 

of phonon scattering rate is thought to be a consequence of a smaller DOS for the BSO Sn 

5s conduction band (singly-degenerate) when compared with STO (triply-degenerate, Ti 

3d conduction band).  The effects of reduced phonon scattering and smaller electron 

effective mass combine to give BSO its extraordinary room temperature mobility when 

compared to d-orbital derived conduction band oxides (e.g. STO).  

In thin film BSO, on the other hand, dislocation scattering may become the limiting 

factor for room temperature mobility.  Early experiments with BSO thin films suggested a 

proportionality of roughly μ ∝  n0.5, where n is the carrier concentration.  For other 

semiconductor epitaxial systems, such as Ge and GaN, this indicates a dependence on 

dislocation scattering.[72,73]  For this reason, it has been suggested that reducing 

dislocation density may improve the mobility in doped BSO films.[56,74,75]   

1.5.2 Dopants in BaSnO3: La, Sb, and Others  

In order to exploit the outstanding mobility of BSO, it must first be doped to 

introduce charge carriers.  Although modulation and polar discontinuity doping techniques 

present potentially attractive options in BSO [55], here we discuss only substitutional 

dopants.  By far the most widely studied has been the substitution of La onto the Ba site in 

BSO.  Lanthanum, like most of the lanthanide rare earth elements, forms a stable ion with 
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an oxidation state of +3.  By virtue of its atomic number being one greater than barium, 

each lanthanum atom can contribute one electron to the host BSO crystal conduction band 

(hence the term ‘donor’).  LaxBa1-xSnO3 (LBSO) therefore exhibits n-type conduction, and 

is easily degenerately doped to a metallic state for La concentrations of only a few percent.  

La is relatively easy to ionize, and thus offers very shallow donor levels estimated at around 

50 meV below the conduction band minimum (CBM).[51]  Another inherent advantage of 

Ba substitution is the limited effect on the CBM itself.  Ba states contribute very little to 

the conduction band in BSO, therefore substituting with La (or another RE) should largely 

preserve the antibonding s character of the conduction band, maintaining high mobility.  

Indeed, La doping is known to produce the highest electron mobilities and lowest electrical 

resistivities in both single crystal and epitaxial BSO.  Single crystalline LBSO mobilities 

have been reported from 200-300 cm2 V-1 s-1 for a broad range of carrier concentrations, 

with resistivity on the order of 0.1 mΩcm,[59,56]  while epitaxial LBSO films have reached 

mobilities as high as 150 cm2 V-1 s-1.[76]  The solubility limit for La substituting for Ba in 

BSO has been experimentally determined to be between 3-5 at%, above which the 

pyrochlore La2Sn2O7 phase is known to form.[77,78]  However, this bulk thermodynamic 

limit can be exceeded in thin films, depending of the deposition technique.[59,79]  In order 

to maintain charge neutrality in LBSO, it is theorized that Sn atoms change oxidation states 

from 4+ to 2+ for every two La3+ ions in the crystal.[64,77]  The donated electrons from 

La are delocalized in the conduction band of the crystal to prevent localized Sn2+ ions, the 

presence of which would destroy crystal stability due to the increased size of Sn2+ (112 

pm). As a result, La doping of BSO actually increases the overall cubic lattice parameter, 

despite the fact that La3+ (136 pm) has a smaller radius than Ba2+ (161 pm).[64,77,80]  The 
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lattice parameter of LBSO has been observed as roughly linear for with La concentration 

up to its solubility limit.[56,77]           

While La has been the typical ‘A’ site dopant used in BSO, the most studied ‘B’ 

site dopant has been Sb. When Sb is substituted for Sn it is ionized to the oxidation state 

of +5, and donates one electron to the conduction band, again creating an n-type conductor.  

The solid state solubility of Sb in the BaSbxSn1-xO3 (BSSO) system is approximately 15-

18 at%.[82,83]  Much like in LBSO, Sb doping increases the lattice constant in BSO 

crystals due to the slight reduction of Sn, and thus expansion of Sn4+ to maintain charge 

neutrality.  However, unlike in LBSO, this increase is markedly non-linear, showing a 

saturation in lattice parameter around x = 0.10.[81-83]  This phenomenon is attributed to 

the tendency for Sb itself to show mixed valence (Sb5+/Sb3+) when carriers localize.  Sb3+ 

on the Sn4+ sites would serve as acceptors, compensating n-type carriers and inducing 

oxygen vacancy formation.  In Mossbauer spectroscopy measurements of BSSO thin films, 

Sn2+ was not observed, while Sb3+ states appear around ~ x = 0.05, and increase in ratio up 

to 15% at x > 0.10.[81]   Additionally, BSSO shows much lower electron mobilities 

compared to its La doped counterpart.  BSSO single crystals were found to exhibit Hall 

mobilities of maximum 80 cm2 V-1 s-1 and resistivities around 1 mΩcm, for carrier 

concentrations close to 1 x1020 cm-3.[84]  In the above experiments, also performed by Kim 

et al., the activation of Sb carriers were roughly half the nominal doping.  Additionally, 

mobility decreased significantly on increased doping.  The reduced mobility of BSSO 

compared to LBSO is attributed to the increased scattering effects of Sb vs La.  While La 

substitution for Ba leaves the SnO6 octahedra essentially intact, Sb substitutions directly 

interrupt this conduction pathway.  Additional scattering mechanisms are then introduced 
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in the form of either ionized impurities, SbSn
+ (for Sb5+) and SbSn

–    (for Sb3+), or Sb-O 

defect-complex neutral impurities.[81,84]   

In addition to the extensive research efforts applied to the LBSO and BSSO 

systems, many other substitutional dopants have also been proposed and/or studied 

experimentally in BSO.  First principles calculations, as well as initial reports of high 

oxygen stability in BSO, indicated n-type doping via oxygen may be unfavorable.[85,59]  

However, VO doping was later confirmed as viable, displaying  mobilities of ~20 cm2 V-1s-1 

in ~300 Å thin films on MgO substrates, with carrier densities around 5 x 1019 cm-3 after 

900°C reduction in vacuum.[86]  A more recent report by Ganguly et al. continuing the 

study of VO doped BSO, found a proportionality of μ ∝ n0.65 across a wide range of dopant 

concentration, from 2 x 1017 to 5 x 1019 cm-3.[115]  This finding is close to the n0.5 

dependence previously mentioned as indicative of pure dislocation scattering.  This finding 

lends credence to the likely significant role of defects in limiting mobility in BSO thin 

films, especially at low carrier concentrations.  

A variety of other chemical doping have also been explored in BSO, while still 

other have been suggested but not yet attempted.  Ta and Nb have been recently proposed 

as substitutions for Sn, with initial calculations indicating improved optical transmittance 

with comparable conductivity to La doping.[87]  Strontium doping, (substitution on the Ba 

site) has been shown to be an effective method of tuning the optical band gap.  In the in 

SrxBa1-xSnO3 systems the band gap was shown to increase nearly linearly from 3.5 – 4.3 

eV, for x = 0  x =1.[88]  This band gap control may be useful in H2O photocatalysis 

applications for BSO.[89]  Band gap tuning has also been studied with Pb substitution of 
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the Sn site.[90]  TM metal acceptors Ni (Ni3+) and Cr (Cr3+) were tested as potential p-type 

dopant substitutes for Sn with little success in terms of conductivity.[91,92]  Co, Fe and 

Mn have also been investigated as Sn substitutes to induce magnetism.[93-98]  And, very 

recently, the rare earth lanthanide Gd has emerged as a potentially attractive dopant in 

BSO, as it has produced high mobilities (30 cm2 V-1 s-1) as well as strong paramagnetic 

moments (~7 μB/Gd).[99] 

Finally, it should be noted that although BSO demonstrates remarkable 

conductivity for a wide band gap semiconductor when doped n-type, its p-type counterpart 

has not yet been thoroughly investigated.  The calculated band diagram of BSO, and ab 

initio calculations, indicate that mobility for holes may be much lower than that for 

electrons, owing to a large effective mass near the valence band maximum.[66]  However, 

a recent study on the effects of K doping in BSO suggests that p-type doping may still be 

possible.  In the aforementioned study by Kim et al. hole mobility was estimated at only 

0.05 – 0.30 cm2V-1s-1 in Ba1-xKxSnO3 (BKSO) x = 0.06 – 0.11.[100]  This low mobility 

was attributed to the high activation energy of K in BKSO, estimated at 0.5 eV leading to 

extremely low carrier concentrations (0.6-1.0 x 1013 cm-3 at 300 K).  Nevertheless, this 

study demonstrates the need for more research into p-type dopants in BSO.  In order to 

realize the theoretical potential for future all-BSO transparent p-n junctions, p-type dopants 

with lower activation energies will need to be developed.  Possibilities including In or Ga 

substitution at the Sn site hold some promise in this regard, but have not yet been 

investigated. 
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1.5.3 BaSnO3 as a Transparent Conducting Oxide  

The discoveries made in 2012 study have piqued interest in BSO as a potentially 

useful transparent conducting oxide (TCO).  TCOs are materials which transmit light 

(>80%) in the visible region while still possessing functional conductivity (~103 

Scm-1).[101]  They are critical materials in many optoelectronic devices, ranging from 

liquid crystal displays to photovoltaics.[102-104]  Indium tin oxide (ITO), Sn doped In2O3, 

is the most widely used TCO today, with conductivity on the order 104 Scm-1.[105]  High 

performance TCOs, like ITO and ZnO, are capable of achieving electron mobilities around 

100-200 cm2V-1s-1.[106,107]  LBSO crystals have already been shown capable of meeting 

or exceeding these standards, and LBSO is composed of relatively cheap earth abundant 

materials.  For these reasons there is considerable opportunity for LBSO in current and 

future TCO applications.  However, the discrepancy between transport properties observed 

in single crystal LBSO versus those in films, presents a significant obstacle.  Electron 

mobilities in single crystal LBSO have been reported around 200-300 cm2V-1s-1, while 

mobility in thin films have been considerably lower.  Initially, epitaxial LBSO systems 

were only able to achieve room temperature mobility ~>70 cm2V-1s-1[56], but recent 

studies have pushed that mark up to 150 cm2V-1s-1.[76]  Still, for BSO to be successfully 

implemented as a functional TCO, thin film mobilities must be further optimized.  It should 

also be noted that in many applications amorphous TCO materials are utilized.  For BSO 

to be considered a viable alternative in these applications, its amorphous state properties 

must also be proven.  This may present another significant obstacle as far as TCO 

applications are concerned. 
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1.5.4 BaSnO3 in Oxide Electronics 

 Although La-doped BSO still holds promise for future TCO applications, perhaps 

the more attractive opportunity lies in its potential role in novel oxide electronics.   As 

mentioned previously, while perovskite oxides possess many remarkable properties, they 

generally suffer from poor room temperature mobility.  BSO is a notable exception, 

however, possessing room temperature mobilities an order of magnitude higher than all 

previously studied perovskite oxides.  This characteristic feature of BSO could make it a 

potentially integral design component for many all-oxide electronic devices.  Doped BSO 

could see use as an electrode material, while modulation doped BSO may serve as high 

mobility channel material in transistors.[55,114]  With the added benefit of transparency, 

BSO may also be useful in photovoltaics and/or display technology.  Finally, the 

combination of high mobility and a large band gap makes BSO ideally suited for use in 

high voltage / high current applications (power electronics).  Regardless of the specific 

applications, it is clear that research and development of a functional high mobility oxide 

semiconductor will be crucial to the future of oxide electronics.  Further study and 

optimization of epitaxial BSO will also prove vital to the realization of any potential 

applications in oxide electronics.       

1.5.5 Epitaxial BaSnO3: Substrate Mismatch, Strain and Dislocations 

In the idealized setting of single crystalline BSO, scattering from dislocations and 

other crystalline defects are thought to play a minor roles compared to scattering from 

ionized impurities (dopants) and phonons.  However, in BSO thin films, this situation is 

often reversed, as, depending on the exact technique and growth conditions, systematic 
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defects and dislocations can become the dominant sources of scattering.  In order to 

produce films with low defect densities and properties that closely resemble their single 

crystalline values, precise control over growth conditions and sophisticated analysis 

techniques are needed to first study and then limit defects in thin films.  

In epitaxial applications, the choice of substrate will have a tremendous impact on 

the structure and properties of the resulting film.  Substrates whose structure closely 

matches that of the film material will theoretically produce films with lower defect 

densities.  However, substrates 

with significant differences in 

symmetry or lattice geometry with 

respect to the film material, will 

result in strained films, misfit 

dislocations, or other defect 

structures.  Misfit dislocations are 

lattice imperfections formed at 

epitaxial interfaces due to mismatch between the crystal structures of the two materials.  

Fig. 1.10 illustrates the general concept of misfit dislocation formation at substrate/film 

heterointerfaces. Misfit dislocations are native to the interface, but can manifest themselves 

through the thickness of the film in the form of threading dislocations (not shown). 

However, it should be noted that the exact relationship between misfit and threading 

dislocations is not well understood in most epitaxial systems.  Threading dislocations can 

extend through the thickness of the film, or can be annihilated within the film by an 

oppositely oriented dislocation.  In ionic solids, such as BSO, defects like threading 

Fig. 1.10: A schematic representation of a misfit dislocation 

formed at the interface of two material with differing lattice 

constants, a0 v a1.  The dislocation line is indicated by ┴.[109] 
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dislocations cause a local charge imbalance (in addition to local strain effects) which act 

as scattering centers and/or traps for charge carriers.  Misfit dislocations are of particular 

concern in BSO films, due to the dearth of commercially available substrate materials 

which closely match its lattice parameter (4.116 Å).  Fig. 1.11, shows some the 

commercially available single crystal substrates on a common scale with BSO.  The 

corresponding cubic/pseudo-cubic lattice constants are shown (top scale) along with the 

lattice mismatch value with respect to bulk BSO (defined here as mismatch = 
𝑎𝑠𝑢𝑏−𝑎𝐵𝑆𝑂

𝑎𝐵𝑆𝑂
).  

Note that there are no commercially available substrate materials within 2% mismatch with 

BSO!  Without access to an ideally matched substrate, most of the initial research on BSO 

epitaxial films has been conducted on substrates with large lattice mismatches, such as 

STO (~5%) and LAO (~8%).  The very high misfit values for these substrates should 

theoretically lead to higher dislocation densities in the resulting film, ultimately lowering 

mobility.  Hence, dislocation scattering has been identified as a highly probable factor in 

the limited mobility of BSO thin films.   

Fig. 1.11: A schematic diagram showing the mismatch problem BSO faces in thin film applications. Notes: 

Lattice parameters are cubic or pseudo-cubic where applicable, (C) = cubic, (O) = orthorhombic, (T) = 

tetragonal, and (R) = rhombohedral, all crystals are perovskites with the exception of MgO. 
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When a material is deposited onto a mismatched substrate it can respond in one of 

two ways: it can become strained, or it can form misfit dislocations.  The two processes are 

related energetically.   A strained lattice represents a high energy state, while the formation 

of a dislocation represents a mechanism for relaxation of strain energy.  The total energy 

stored in a fully strained lattice can be estimated, and subsequently compared with the 

energy stored in an array of misfit dislocations, to predict the critical thickness for 

dislocation formation.  That is, beyond some critical thickness, hc, it becomes favorable for 

the strained lattice to relax by forming an array of misfit dislocations.  This simple energetic 

argument is known as the Matthews-Blakeslee criterion, and is represented by the 

following equation (simplified for pure edge misfit dislocations)[110]: 

 hc= 
𝑏

2𝜋𝑓(1+ν)
[ln (

ℎ𝑐

𝑏
) + 1] (2) 

where ν is the Poisson’s ratio (0.233-0.247 for BSO)[57,67], f the misfit strain, and b the 

dislocation Burgers vector (= asub<100>).  Table 1.1 shows the lattice constants, linear 

expansion coefficients, and misfit strains (in %), defined as (𝑎𝑠𝑢𝑏 − 𝑎𝑓𝑖𝑙𝑚)/𝑎𝑠𝑢𝑏, for the 

substrates used in this study.  Also shown in the table are the predicted critical thicknesses 

using the Matthews-Blakeslee model, and an estimate for dislocation density, ρdis, for 

relaxed films based on the spacing of misfit dislocations.   From these results it is clear that 

the substrates with smaller misfit have a higher critical thickness, and that misfit with the 

substrate greatly influences the density of misfit dislocations.    
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Table 1.1: Substrate Structure and Mismatch with BaSnO3 (a =4.116 Å) 

Substrate a [Å] αL [K-1] Misfit [%] hc [Å]  ρdis [cm-2] 

LaAlO3 {LAO} 

(Rhombohedral†) 3.789* 1.0 x 10-5 -8.7 15 4.4 x1012 

LSAT†† 

(Cubic) 3.868. 8.2 x 10-6 -6.4 25 2.4 x 1012 

SrTiO3 {STO} 

(Cubic) 3.905. 9.9 x 10-6 -5.4 30 1.7 x 1012 

GdScO3 {GSO} 

(Orthorhombic) 3.961* 1.1 x 10-5 -3.9 45 9.0 x 1012 

PrScO3 {PSO} 

(Orthorhombic) 4.027* -- -2.2 100 2.9 x 1011 

MgO 

(Cubic, Rock Salt) 4.212. 1.3 x 10-5 +2.3 95 3.0 x 1011 

SrZrO3
††† 

(Orthorhombic) 4.101 -- -0.4 >900 0.8 x 1010 

*Pseudo-cubic (See Appendix I)  † Cubic above 530°C    †† (LaAlO3)0.3(Sr2TaAlO6)0.7 
†††SrZrO3 is not an available substrate material, and is listed here only to illustrate the 

results of critical thickness calculations for a well matched material. 

 

1.5.6 Improving Mobility in BaSnO3 Thin Films 

  The disparate properties of single crystal vs epitaxial BSO have presented a 

tremendous opportunity for research groups to optimize the growth conditions to produce 

higher mobility films.  As outlined in the previous sections, one of the primary concerns in 

BSO epitaxy is the deleterious effect of threading dislocations on transport properties, 

presumably owing to the formation of misfit dislocations at the substrate interface.  In 

addition to the effects of the substrate, other factors which can impact the transport 

properties of BSO thin films include cation stoichiometry, microstructure, and 

unintentional defect concentration (contamination). A combination of these factors has led 

to the properties of most epitaxial BSO to lag far behind their single crystal counterparts. 

In the years following the discovery of high mobility in BSO, considerable work has been 
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done in an effort to improve mobility in BSO thin films using a variety of different 

techniques.   

 One intuitive method to improve the transport properties in epitaxial BSO is to 

perform a thermal anneal to reduce defect density.  Although a relatively simple approach, 

care must be taken in choosing the annealing time, temperature, and atmosphere to prevent 

adverse effects, such as oxygen vacancy formation, surface roughening, and/or thermal 

strain.  Yu et al. has demonstrated the benefit of thermal anneal in LBSO thin films grown 

on STO substrates via PLD.  After annealing at 1000° C for 3 hours under high purity N2, 

his group saw a factor of 2 improvement in electron mobility up to  ~80 cm2 V-1 s-1, at n = 

4 x 1020 cm-3.[111]  This improvement was attributed to the annihilation of threading 

dislocations and overall increase in crystalline quality compared to the as-grown films.  

The lack of suitably matched substrates is certainly not unique to BSO.  A common 

technique to circumvent the issue of lattice mismatch in semiconductor epitaxy, is to 

deposit an undoped insulating layer to separate the active layer from the substrate.  This 

layer serves as a buffer to protect the active layer from the effects of strain caused by the 

substrate.  Indeed, buffer layers are a common feature in many epitaxial systems and their 

impact in BSO films has already been investigated in a few published studies.  Using 

optimized buffer structures, deposited via PLD, Shiogai et al. and Shin et al. independently 

demonstrated electron mobilities of ~80 cm2 V-1 s-1 on STO and ~100 cm2 V-1 s-1 on non-

perovskite MgO respectively for La doped BSO films with carrier concentration ~2 x 1020 

cm-3.[101,112]  Not only were both groups able to achieve relatively high mobilities in 

their buffered films, but they both saw dramatic improvement when compared to films 
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without a buffer.  This evidence clearly supports the idea that utilizing a buffer layer can 

help mitigate the effects of lattice mismatch and/or symmetry mismatch in epitaxial BSO. 

In the ideal case, a deposited film would have precisely the same lattice structure 

as that of the substrates.  Such a scenario would eliminate the possibility of forming misfit 

dislocations.  This is usually only possible with the practice of homoepitaxy, i.e. using the 

same material for both the substrate and the film.  Homoepitaxy of BSO has been 

investigated by Lee et al., where insulating undoped BSO single crystals were used as 

substrates to deposit LBSO thin films of differing La concentration via PLD.[113]    Lee 

et al. found their LBSO films to be under slight compressive strain at the interface with 

BSO, owing to the expanded lattice parameter on La doping, but no misfit dislocations 

were observed upon inspection using cross sectional STEM.  However, they found that 

mobilities in their LBSO/BSO systems were only marginally better than values previously 

reported on highly mismatched STO substrates.  The highest mobility achieved was around 

100 cm2 V-1 s-1, at a carrier concentration of 7 x 1019 cm-3.[113]   In such homoepitaxial 

systems electron scattering was presumably not dominated by the effects of dislocations, 

because of the absence of lattice mismatch, yet mobility values were still considerably less 

than those of single crystals.  It was therefore proposed that the scattering in these films 

may have been dominated by point defects, such as cation vacancies and/or site mixing, 

implying a possible issue with cation stoichiometry in the films.[113]  Although cation 

stoichiometry will obviously influence film properties, the relative impact on mobility, 

compared with that of other defects is not known.  More work is needed to better 

understand the exact role of cation stoichiometry and point defects in BSO, with respect to 

electronic transport properties of thin films. 
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As previously mentioned, misfit dislocations are a significant concern in BSO 

heteroepitaxy.  One way to reduce the effect of misfit dislocations is to choose a substrate 

that is better matched to the structure of the film material.  In the case of BSO, the closest 

lattice matched substrate commercially is praseodymium scandate (PrScO3).  PrScO3 

(PSO), as shown in Table 1.1, has a misfit of ~2% with BSO, making it the best choice of 

substrate to limit the influence of misfit dislocations.  Using PSO substrates, Raghavan et 

al. were able to produce BSO thin films, via MBE, with room temperature mobility 150 

cm2V-1s-1 at measured carrier concentrations of ~ 7 x 1019 cm-3, constituting the highest 

value achieved to date in films.[76]  This finding supports the hypothesis that reducing 

dislocation density due to misfit will result in higher mobility in epitaxial BSO.  Not only 

did their films on PSO exhibit outstanding mobility, but their films grown on STO were 

also outstanding, reaching mobilities 120 cm2V-1s-1 for similar carrier concentration. 

Raghavan et al. attribute this improvement to adjustments made in their MBE growth 

technique.  By utilizing SnO2 sublimation as the source for Sn rather than traditional Sn 

metal, they claim that they were able to mitigate issues with unwanted Sn oxidation during 

growth, and therefore improve cation stoichiometry in their films.[76]  This claim 

reinforces the idea that precise cation stoichiometry is critical in producing high mobility 

BSO thin films. 

In another recent study, Prakash et al., using a hybrid MBE technique to precisely 

control cation stoichiometry[132], were able to grow LBSO films on STO substrates with 

mobilities around 120 cm2V-1s-1 at carrier concentrations of 3 x 1020 cm-3.[114]  In the 
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aforementioned study, it was 

found that at low doping levels the 

observed carrier concentration was 

lower than expected from the 

concentration of La, indicating 

charge compensation, likely from 

negatively charged acceptor-like 

defects, such as barium vacancies 

(VBa
-2) and/or dislocation cores.  

Additionally, Prakash et al. demonstrated that by intentionally decreasing the flux of Ba 

during growth, Ba deficient films could be produced.  These Ba deficient films had 

drastically lower mobility at the same La doping level.  In fact, the effect closely mirrored 

that of charge compensation due to dislocations seen at low doping levels for stoichiometric 

films, indicating that dislocation cores may consist of Ba vacancies.[114]  These effects 

can be seen in the plot on Fig 1.12, 

reproduced from the published work of 

Prakash et al.   Also in the above study, 

ab initio calculations were performed to 

estimate the relative effects of various 

scattering sources on electron mobility in 

BSO films.  From these calculations it 

was determined that the limiting factors 

for electron mobility in BSO thin films 

Fig. 1.12: Data from Prakash et. al showing the impact of varying 

La doping in epitaxial BSO.  The ↑ indicates the observed onset 

of charge compensation, and the blue circles represent 

intentionally Ba deficient films. [114] 

Fig. 1.13: Results of ab initio calculations for mobility 

vs carrier concentration at 300 K at different dislocation 

densities (solid and dashed lines) vs experimental results 

from Prakash et al.[114]   
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are dislocation scattering at low n (<1019 cm-3), and ionized impurity scattering at high n 

(~1021 cm-3).  It was also found that the μ vs. n relationship depends strongly on the 

concentration of dislocations.  Fig. 1.13, also from Prakash et al.’s published work, shows 

the results of the mobility calculations as a function of carrier concentration for various 

input dislocation densities.  From the plot, it can be seen that the experimental values for 

MBE grown BSO thin films agree reasonably well with expectation from the calculation.  

However, the calculation does slightly underestimate the mobility in single crystal 

(dislocation free) BSO.  Ultimately, the optimization of electronic transport properties in 

doped BSO thin films will depend on the ability to mitigate scattering sources in these 

systems, and this calculation serve to improve this understanding by revealing some 

important trends in the relationships between carrier concentration, dislocations, and 

mobility in BSO. 

To conclude this section, the plot in Fig. 1.14 is shown summarizing some of the 

recent work published on BSO films in regard to the mobility vs. carrier concentration.  All 

the data presented in Fig. 1.14 represent 

La doped BSO except the work by 

Ganguly et al., who used VO doping to 

probe the lowest carrier concentrations 

displayed.  From the plot it can be seen 

that the mobility of the bulk crystals (Kim 

et al.) remain fairly flat with the doping 

level, around 200 – 300 cm2V-1s-1, and 

show a slight decline for the highest 

Figure 1.14: Room temperature mobility vs. carrier 

concentration. Plotted are the results from various 

published studies (listed) on La doped BSO films and 

bulk crystals(with the exception of the red data points, 

which are VO doped). [115,56,59,74,76,79,135,136] 
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concentrations.  This behavior is fairly well understood by the effects of ionized impurity 

and phonon scattering.[114,137] For the BSO films (the solid data points), significantly 

lower mobilities at all carrier concentrations are observed due to an increase in scattering.  

The data shown in Fig. 1.14 represents films grown using multiple deposition techniques.  

MBE shows the best results (maroon and green data), while PLD and high pressure 

sputtering produced films with lower mobilities.  A common theme among all the film 

data, is the increasing trend in mobility with increasing carrier concentration, albeit with 

different slopes. This behavior indicates the screening of dislocations by charged defects 

in films with higher carrier concentrations.  Finally, the data presented in Fig. 4.14 serves 

to highlight the ongoing performance gap between bulk single crystal and epitaxial BSO. 

 

1.6 Motivation for this Study 

 The primary challenge facing the development of BSO, emphasized throughout the 

following sections, is in reproducing bulk crystal electron mobility in an epitaxial setting.  

Recent work published on thin film BSO has shown that room temperature mobilities as 

high as 150 cm2V-1s-1 are achievable.[76]  In this study we aimed to investigate the viability 

of using high pressure oxygen sputtering to produce high mobility La-doped BSO thin 

films.  Sputtering techniques are extremely versatile and can be easily scaled for 

applications.  They are also much cheaper to operate and maintain than, for example, MBE.  

By optimizing the growth conditions to produce the highest mobility films, we hoped to 

determine whether the results reported in the literature for La-doped BSO thin films grown 

by PLD and MBE can be replicated via high pressure oxygen sputtering.  Indeed, the 
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demonstration of facile sputtering of high mobility BSO films would be an important step 

in the implementation of BSO for applications. 
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Chapter 2: Experimental Methods 

2.1 Physical Vapor Deposition and Reactive Sputtering 

 Epitaxial deposition can be accomplished by a variety of methods.  For instance, 

chemical vapor deposition (CVD) uses chemical precursors and reactions to grow films, 

while molecular beam epitaxy (MBE) uses evaporation under ultra-high vacuum (10-8 – 

10-10 Torr) to precisely control mass transport of vaporized particles; hybrid techniques 

incorporate aspects of both.  Physical vapor deposition (PVD) techniques, such as 

sputtering and pulsed laser deposition (PLD), involve forcefully removing particles from a 

target and guiding their deposition onto a substrate.  In the present study, a PVD method 

known as high pressure reactive sputtering (under pure oxygen environment) has been 

utilized. 

 In sputter deposition, a target material is bombarded with ionized particles, and the 

material knocked from the target is then accumulated onto the substrate.  Reactive 

sputtering is simply a sputtering deposition where a specific chemical reaction (often 

oxidation) is promoted during deposition, this is accomplished by introducing a controlled 

pressure of reactive gas (O2).   Fig. 2.1 shows a schematic diagram illustrating the 

mechanisms of reactive oxygen sputtering.  (Note, in this study, no Ar was added to the 

sputtering chamber, only pure O2 was supplied to the chamber.)  First, an electric potential 

is established between the target and the substrate, with the substrate as the anode (+) and 

target as the cathode (–).  At a critical voltage the gas particles ionize, creating a plasma, 

and the electrons are collected at the anode.  The now ionized (positively charged) gas 
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particles, under the influence of the electric field, are then accelerated toward the positively 

charged target (cathode), where the energy of their impact results in material being ejected 

in random directions.  Some of these ejected atoms eventually reach the substrate and 

accumulate to form a film.  In oxygen reactive sputtering, the ejected atoms can react with 

oxygen either on the target surface, in the vapor phase, or at the film/substrate surface to 

form an oxide.  Additional control over the ionized particles of the plasma can be achieved 

using electromagnets, which is known as magnetron sputtering.  Sputtering is a relativity 

simple process in that only a few variables are directly controlled by the operator during 

deposition: substrate temperature, target-substrate distance, the electric current passed 

through the cell, and the gas pressure in the system.  The substrate temperature is mostly 

important for the specific substrate/target material being considered (e.g. the crystallization 

temperature and adsorption/desorption rate). The target-substrate separation can be varied 

to adjust the deposition rate, and to some degree, the angle of arrival of sputtered material.  

A greater separation yields a lower rate, as less particles reach the substrate surface, and 

also produces a smaller range of incident angles for particles arriving at the substrate 

Fig. 2.1: A schematic diagram illustrating the mechanisms involved in the oxygen sputtering technique.  An 

inert gas such as Ar is often used in non-reactive sputtering, while pure oxygen or a combination with and 

inert gas (as pictured) can be used for reactive sputtering.[116] 
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surface.  Conversely, a shorter separation distance will increase the deposition rate and 

increase the angular spread of the arriving particles.  This variation allows some control 

over the growth rate and uniformity of the deposited film.  The electric current simply 

provides control over the concentration of ionized particles in the plasma, and thus the rate 

at which the material is sputtered from the target.  Finally, varying the gas pressure is 

primarily used to tune the energy of the sputtered particles impinging on the substrate.  

High gas pressures will lead to low deposition energies, as the sputtered particles will lose 

energy upon collisions with the gas particles on their path from the target to the growing 

surface.  Similarly, the gas pressure can also influence the deposition rate.  Higher pressures 

will lead to more collisions which will reduce the number of sputtered particles arriving at 

the growing surface that can be assimilated into the film.  The rate of gas collisions is 

governed by the following equation for the mean free path,  

 𝜆𝑆 =
𝑘𝑇

𝑃𝜎
 (3) 

where λS is the mean free path (i.e. the distance between random collisions), k is 

Boltzmann’s constant, T is the gas temperature, P the gas pressure, and σ is the cross 

section for momentum transfer.[138]  According to this equation the mean free path, which 

can be related to the deposition rate,  is inversely proportional to the gas pressure, and 

proportional to the temperature.  Another related, but very important, consequence of the 

gas pressure, especially for oxygen sputtering applications, is mitigating the effects of 

anion (oxygen) re-sputtering.  Considering the significant number of molecular collisions 

occurring, and oxygen’s affinity for the -2 oxidation state, anions may form in the gas 

between the target and the substrate.  These negatively charged ions will then be 
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accelerated into and ‘re-sputter’ the growing film, potentially damaging it.  Once again the 

gas pressure can be used to mitigate this effect, by reducing the energy of the incoming 

ions.  This is the primary reason high pressure oxygen is used when sputtering perovskite 

oxides, and indeed why it was used in this study. 

There are two general methodologies to maintain the plasma in sputtering systems: 

direct current (DC) or radio frequency (RF) alternating voltage.  In DC sputtering the target 

material is required to be relatively conductive, so that any charge at the target surface is 

free to dissipate.  If the target material is insulating, charges are not free to move through 

the target and will accumulate at the surface.  To combat this effect, the bias between the 

anode and cathode are alternated rapidly using a radio frequency (RF) power source.  Both 

DC and RF reactive high pressure oxygen sputtering methods were used in this study, as 

the conductivity of the LBSO system depends heavily on the concentration of La doping. 

As mentioned previously, sputtering processes are a versatile method for thin film 

growth, and have many advantages over other techniques.  Sputtering systems are 

relatively cheap and easy to maintain.  They can also be scaled to meet production needs 

by sputtering large area at once.  Sputtering targets are also relatively easy to produce for 

a wide variety of materials, and can provide a constant material source for many growth 

cycles.  Film material stoichiometry is also simple to maintain in sputtering operations, as 

the deposition rate is similar for all the chemical components of the target.  This is not the 

case with evaporation techniques, like MBE, where precise control of the different 

component fluxes is needed to ensure stoichiometry.    However, there are some significant 

drawbacks involved with sputtering.  For example, the relatively high energy of sputtered 
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particles can cause damage to the films and substrates (high pressure helps lower particle 

energy), deposition rates can be quite low (especially for RF sputtering), and high gas 

pressures as well as target impurities can lead to significant concentrations of contaminants 

in deposited films. 

 

2.2 The Jülich Oxide Sputtering System 

In this study, a high pressure oxygen sputtering system was used to deposit thin 

films of LaxBa1-xSnO3 on various single crystal substrates.  The sputtering system was 

developed by Jülich Research Center, and features a triple sputtering head design where 3 

targets can be mounted simultaneously.  A photo of the system is shown in Fig. 2.2, with 

a few of the key features noted.  Before operation, the sputtering chamber was evacuated 

to ~1x10-6 Torr using a turbo pump.  During growths it was then flooded with high purity 

(99.998%) oxygen and 

held at pressures around 

1-2 Torr using a mass 

flow controller.  During 

growth, the sample(s) 

were seated on top of a 

heating element capable 

of high temperatures 

(900°C), while a 

motorized arm, holding 
Fig. 2.2: A photograph of the Jülich oxide sputtering system utilized in this 

study.  A few primary features are noted. 
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the sputtering targets positioned the active 

plasma directly above.  Fig. 2.3 shows a close-

up photo of the sputtering chamber, and an 

active DC plasma during film growth.  The 

parameters that can be varied in this system are 

the substrate temperature, the oxygen pressure, 

the separation distance between the target and 

the substrate, and the current (DC) / power (RF) supplied by the respective power supplies 

to modulate the plasma intensity and sputtering rate.   

 

2.3 Synthesis of LaxBa1-xSnO3 Targets 

 In order to grow thin films, bulk BSO material was needed to make sputtering 

targets.  Ceramic disks of BSO and LBSO were synthesized using standard powder 

processing techniques.  First, stoichiometric amounts of powdered precursor materials, 

SnO2, BaCO3, and La2O3 (for LBSO), were dried and mixed at elevated temperatures 

(~200°C) to prevent absorption of H2O.  For La2O3 a 24 hour cycle at 1000°C was used to 

remove H2O, before mixing with the other powders.  The relative purities of the powders 

used in this study were 99.98%, 99.9%, and 99.99% for BaCO3, SnO2, and La2O3, 

respectively.  Trace element analyses of the starting powder materials were not undertaken.  

After weighing and mixing stoichiometric quantities, the powders were then ground via 

mortar and pestle, and heated to 1200°C to promote the following solid state reaction: SnO2 

+ BaCO3  BaSnO3 + CO2.  The powders were held at 1200°C for 24 hours to react.  The 

Fig. 2.3: A photograph taken during a DC 

sputtering operation, showing the oxygen plasma 

and sample heater beneath it.  
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reacted powders were then re-ground and reacted again.  This process was repeated until 

the resulting powder was seen to be phase pure BaSnO3 by powder X-ray diffraction (see 

Section 2.5.1.1).  Total reaction times of 72 hours (three reaction cycles) were typical 

before phase pure BSO was observed. 

Powders of 4 different La concentrations were prepared using the above procedure, 

at x = 0, 0.002, 0.02, and 0.1 (for LaxB1-xSnO3).  After the grinding and reaction steps, the 

powders were then cold pressed and sintered to produce a solid target for sputtering.  The 

powders were mixed with a binding agent and then packed into a 2” diameter steel die.  

They were then compacted using an automated single action press.  A force of 40,000 lbs 

was used to compact the powders.  0.5” diameter sample pellets were also produced with 

each batch of powder to provide representative samples for analysis.  These smaller 

samples were compacted at 2,500 lbs, to approximate an equivalent pressure as used for 

the 2” targets (3200 psi).  Next, the compacted powders were sintered in air at 1350-1550°C 

for 24 hours, to promote densification via the coalescence of powder granules (optimization 

of the sintering temperature will be described in Chapter 3).  During sintering, the targets 

were held between two Al2O3 plates to prevent warping.  After the sintering process was 

complete, the ceramic target surfaces were sanded with 3M 600 grit sandpaper to remove 

burrs and other surface imperfections.  The targets were then bonded to copper stubs for 

installation into the sputtering chamber.  Liquid indium was used to bond DC sputter 

targets, while a silver epoxy was used for RF targets.  The targets were then mounted into 

the sputtering apparatus in either DC or RF configurations, and subsequently wired to a 

corresponding power supply. 
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2.4 Sputtering Procedure 

 Although sputter deposited BSO films were grown using various experimental 

conditions, a consistent procedure was followed before and after each growth.  First, each 

newly installed target was extensively “pre-sputtered” (~24 hours) to remove potential 

contaminants from the target surface before depositing films. When the targets were ready 

for film growth, substrates were loaded onto the holder and surrounded by a mask to protect 

the heater surface from sputtered materials.  The chamber was then evacuated to <1 x 10-6 

Torr, and subsequently filled with a few Torr of flowing oxygen.  Finally, the substrates 

were annealed at 900°C for 15 minutes to remove any organic contamination or other easily 

evaporated particles, before the plasma was brought over the heater to deposit the films.   

 For RF sputtering deposition, a Hüttinger Electronic PFG 300 RF generator was 

used to ignite and maintain the plasma.  By raising the power (in Watts) of the RF source, 

the plasma was ignited.  Only undoped BSO films were sputtered using this method, and 

the plasma usually lit around 15 W at slightly above 1 Torr O2.  The power and O2 pressure 

were then raised incrementally to the desired conditions for the growth.  Once the intended 

pressure and power were reached, the target was allowed to pre-sputter for several hours, 

until the DC-bias levelled off indicating a consistent plasma.  Finally, the arm holding the 

target was brought over the heater, via a software interface, initiating the growth. 

 A similar procedure was followed for DC sputtering, where a Heinzinger PNC 

600-300 power supply was used.  First the limiting current was raised to 18 mA.  Then the 

(limiting) voltage was slowly increased until the plasma was ignited and the current limit 

activated.  DC plasmas were ignited at low pressure (0.45 Torr), and ignition typically took 
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place at around 400V.  Then, similar to RF, the current and O2 pressure were raised 

incrementally, and the target allowed to pre-sputter until the voltage stabilized, before 

moving the target over the substrates.  Following each growth, the target was brought back 

to the “home” position, and the plasma shut off by reducing the power/current to zero.  

Then the chamber was flooded with oxygen (up to 600 Torr), before the heater was turned 

off and the system allowed to cool to room temperature.  The thin film samples were then 

removed from the chamber after reaching ambient temperatures.  

 

2.5 Structural Characterization Techniques 

 The following sections detail the various experimental techniques used to 

characterize the structural properties and composition of our BSO polycrystals and sputter 

deposited films.  In this study, the primary tool used for structural characterization was 

X-ray diffraction, which is described in detail in the following sections (Sections 2.5.1-

2.5.1.4).  Other characterization techniques were used more sparingly, and are therefore 

described more briefly (Sections 2.5.2 – 2.5.3).   

2.5.1 X-ray Diffraction  

 Since its discovery, X-ray diffraction (XRD) techniques have become ubiquitous 

in the study of crystalline materials and epitaxial systems.  By bombarding a solid material 

with X-ray radiation and carefully measuring the diffracted intensity at precise angles, the 

ordered nature of the atomic structure can be inferred.  Because electromagnetic radiation 

in the X-ray regime has wavelengths similar to the atomic spacing in crystalline solids, it 
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can be effectively used to probe crystal structure.  For example, the most common choice 

of X-ray radiation in XRD analysis is Cu Kα1, which has a wavelength of 1.54 Å.  In XRD, 

constructive interference of X-rays occurs only at specific angles given by the Bragg 

condition, due to the atomic ordering in the sample.  At these angles the diffracted intensity 

will show intense peaks because of the constructive interference caused by specific planes 

of atoms in the crystal.  Over the years, many different XRD techniques have been 

developed to study different structural characteristics of bulk and thin film samples.  In this 

study, powder X-ray diffraction (Section 2.5.1.1), high resolution X-ray diffraction 

(section 2.5.1.2&4) and grazing incidence X-ray reflectivity (Section 2.5.1.3) were used to 

analyze different properties of our bulk and thin film LBSO samples.   

2.5.1.1 Powder Diffraction 

Powder diffraction is a general method of XRD analysis optimized specifically for 

the characterization of powdered polycrystalline samples.  In powder XRD the random 

orientation of grains, and thus crystallographic diffraction planes, allows the observation 

of diffraction patterns close to those theoretically predicted for each individual plane.  

Experimental powder diffraction patterns are compared with those of known material 

structures, and information about the crystal structure and phase compositions is thus 

inferred.  Powder diffractometers often use the Bragg-Brentano geometry, shown 

schematically in Fig. 2.4, where the incident angle, ω, is equal to the twice the diffracted 

angle θ.  In this setup, the scattering vector, Q, the bisector of the incident and scattered 

beam, is normal to the sample surface.  By rotating the instrument, such that the condition 
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ω = ½ (2θ) is always met, a diffraction pattern is generated, containing information about 

each crystallographic plane encompassed by the 2θ-ω scan range.  Powder XRD 

experiments can yield information about the crystalline phases present in a sample as well 

as their relative quantities, the inter-planar spacings (e.g. lattice constants), the crystallite 

size, and other structural characteristics.  

In this study, a Bruker-AXS D5005 (Fig. 17(b)) and a Rigaku Miniflex-600 were 

used to analyze our BSO powders and polycrystalline ceramics.  Both instruments utilized 

a copper Kα X-ray source.  Samples were scanned over a wide range in 2θ, typically 20-

130°.  The resulting diffraction patterns were then compared to the patterns for known 

materials using an expansive database.  Using this method, the crystalline phases present 

in our BSO powders and sintered ceramic targets were determined.  To illustrate this 

technique, one of our experimental diffraction patterns is shown in Fig. 2.5(a), with the 

various peaks labelled with the corresponding phase.   

 Powder XRD diffraction data gathered in this study, were also used to determine 

the experimental bulk lattice parameters via the following equation for cubic crystal 

systems,  

Fig. 2.4: (a) A schematic diagram illustrating the Bragg-Brentano geometry common in X-ray powder 

diffractometers.  (b) a photo of the Bruker-AXS D5005 Diffractometer used in this study.[117] 
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 aℎ𝑘𝑙 =
𝜆√ℎ2 + 𝑘2 + 𝑙2

2 sin(𝜃ℎ𝑘𝑙)
 (4) 

where ahkl is the lattice parameter, λ is the X-ray wavelength, θhkl is one-half the 2θ peak 

position, and  h, k, and l are the Miller indices corresponding to the crystallographic plane 

of the peak.  Using Eq. 3, the lattice parameter was then determined from each observed 

peak.  To minimize systematic errors in lattice parameter measurements due to height and 

sample depth effects at different 2θ angles, the individual lattice parameter values 

corresponding to each peak were plotted as a function of cos2θhkl/sinθhkl, and the final value 

for bulk lattice parameter was then extracted from the intercept of a linear fit (θ = 90°).[118]  

Fig. 2.5(b) shows an example of this procedure for the XRD pattern shown in (a). 

 2.5.1.2 High Resolution X-ray Diffraction  

  For powder and polycrystalline XRD analysis, a low angular resolution is often 

sufficient to identify phases and extract lattice parameter values.  However, for crystal 

systems with a high degree of preferential orientation, such as single crystals or epitaxial 

Fig. 2.5: (a) An example diffraction scan of a 10% La doped BSO pellet, showing the peaks associated with 

BaSnO3 and the secondary peaks associated with La2Sn2O7. (b) An example of the graphical procedure used 

to estimate the bulk lattice parameter observed in the same LBSO sample. 
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films, a more precise XRD method becomes necessary.  High Resolution X-Ray 

Diffraction (HRXRD) is a more versatile form of XRD that generally allows for greater 

accuracy.  The primary distinction between HRXRD and powder XRD is the additional 

control over the properties of the X-ray beam available in HRXRD systems.  Instruments 

designed for powder XRD often have standardized beam optics optimized for powder 

analysis only.  To achieve higher resolutions in an XRD system, a few key components are 

added to what is essentially the same design as that shown in Fig. 2.4(a).  The most 

important additions involve the optimization and control over the X-ray beam itself.  

Angular divergence of the X-ray beam is reduced by introducing divergence and Soller 

slits, and spectral divergence is reduced using a Kβ filter or monochromator.  Divergence 

slits limit beam divergence by reducing beam size (reducing irradiated area), while Soller 

slits block divergent X-rays but do not reduce beam size.  Kβ filters simply absorb Kβ 

radiation, while monochromators feature a multiple diffraction scheme to filter out all but 

a specific wavelength of X-ray radiation (Kα1).  Beam masks are added to control beam 

Fig. 2.6: A photo of the PANalytical X’Pert Pro high resolution diffractometer used in this study.  The photo 

shows the beam optics installed for wide angle XRD scans, and has the key features labeled. 
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width (which should be matched with sample size), and anti-scatter slits reduce background 

signal.  It should be noted that addition of beam control optics comes at a cost of a reduction 

of X-ray intensity.  Using smaller slits for example, does not always improve resolution.  

Besides the introduction of optical devices to improve control of X-ray beams, a high 

precision goniometer is also critical to HRXRD systems.  Many modern HRXRD systems 

are modular, meaning the beam optics are interchangeable, and the exact set-up can be 

modified to best suit the specifics of the scan range and sample size. 

 In this study, a PANalytical X’Pert Pro high resolution X-ray diffractometer was 

used to analyze BSO thin films.  Wide angle (2θ > 10°) X-ray diffraction (WAXRD) scans 

were performed in triple axis mode to investigate the structural characteristics of the films. 

Fig. 2.6, shows a photo of the X’Pert diffractometer system set up for WAXRD with key 

features and beam optics labelled.  For wide angle scans a 1/2° divergence slit, 1/2° 

receiving slit, 5-10 mm beam mask, and 4-bounce hybrid Ge (220) incident beam 

monochromator were used.  After optimizing the (002) rocking curve of the substrate by 

adjusting the sample tilt, 2θ-ω coupled scans were performed about the BSO (002) peak 

position.  In this study, only (001) oriented substrates were used, so the primary film peak 

was that of BSO (002).  Subsequently, rocking curves (ω scans) were performed about the 

observed BSO (002) peak.  Most wide angle HRXRD data were collected for a range in 2θ 

of approximately 40-50° to probe the film and substrates’ most intense peak, the (002).  

Typical step sizes and dwell times for the scans were 0.01° and 2 seconds respectively. 

High resolution WAXRD coupled scan data collected in this study was used to 

extract the experimental parameters aop, the out-of-plane lattice parameter, and Λ, the 
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Scherrer length, for our sputter deposited films.  It should be noted, that specular XRD (2θ 

= 2ω) of the film (002) peak is only sensitive to the interplanar spacing in the out-of-plane 

direction.  To probe in-plane lattice spacing, non-specular XRD is needed (See Section 

2.5.1.4).  The following equations were used to extract aop and Λ, 

 
a𝑜𝑝 =

𝜆

sin 𝜃002
 (5)  𝛬 =

0.9𝜆

𝛽 cos 𝜃002
 (6) 

where λ is the Cu Kα1 X-ray wavelength 1.5406 Å, θ002 is one-half the (002) peak position 

in 2θ (in degrees), and β is the full-width-at-half-maximum (FWHM) of the peak (in 

radians).  The out-of-plane lattice parameter, aop, is a function of the peak position only, 

and can give information regarding strain and/or composition in thin films.  The Scherrer 

length, Λ, is dependent on peak shape (specifically broadening measured via the FWHM), 

and is used to estimate crystallite size and/or microstrain.  For a microstrain and defect free 

film the peak broadening should theoretically come from only the finite size (i.e. 

thickness), and therefore the ratio Λ/t can be used as a relativistic measure of  microstrain 

/ defect density.  

Another important XRD experiment, especially in thin films, is the rocking curve 

(RC), where ω is varied, but 2θ is kept constant.  For epitaxial films, the FWHM of a 

rocking curve is used to quantify the crystallinity and mosaic spread of the film.  In this 

study, RC data was collected for the (002) peak of each sputtered film immediately after 

the aforementioned coupled scan revealed the film (002) peak 2θ position.   
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Finally, wide angle 

HRXRD of thin films can also be 

used to deduce film thicknesses.  

XRD scans of heterointerfaces can 

produce interference fringes. These 

interference fringes, also known as 

Laue oscillations, are due to 

constructive and destructive 

interference caused by the film-

substrate heterointerface.  Although interference fringes should theoretically be present for 

films of arbitrary thickness, many factors influence their appearance / prominence in 

HRXRD scans.  For example, in films of sufficient thickness, the spacing of the 

interference fringes will shrink below the resolution of the instrument, and thus will be 

unobservable.  Factors that can influence the appearance of such fringes include interface 

and surface roughness (smooth interfaces are needed to see fringes), X-ray coherence 

length (divergence), and thickness fluctuations over the probed area.[119]  Fig. 2.7, shows 

an example of a wide angle HRXRD scan, from the present study, about the (002) peak of 

a BSO film, where the interference fringes are clearly visible.    In this study the spacing 

of interference fringes was used to determine the thickness of epitaxial BSO layers (in films 

where they could be identified).  This analysis is closely related to that described in the 

following section for X-ray reflectometry. 

 

Fig. 2.7: A HRXRD scan about the 002 peak of a LBSO film 

from the present study, used to illustrate the concept of Laue 

fringes seen in coupled scans. 
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  2.5.1.3 Grazing Incidence X-ray Reflectometry 

Grazing incidence X-ray reflectometry (GIXR), or simply X-ray reflectometry 

(XRR), is an X-ray technique which uses very low angles of incidence (< 10°) to probe 

properties of the surface of a sample.  Below a critical angle of incidence, X-ray radiation 

is totally reflected by solid materials.  As the angle of incidence is increased however, the 

material surface begins to transmit X-rays.  In GIXR, the behavior of the material surface 

during the transition from total reflection to transmission is recorded in the form of 

reflected intensity vs. incident angle.  This observed drop-off in reflected intensity is then 

fit to numerical models, and various structural characteristics are elucidated.  GIXR 

analysis can be used to determine density, quantify surface and/or interface roughness, and 

extract thicknesses of epitaxial samples.[120]  Due to its sensitivity to surface features, 

GIXR is an invaluable tool in the analysis of thin films.    

In this study GIXR was performed using the same instrument as in the previous 

section.  However, for reflectivity analyses the X’Pert was outfitted with different beam 

optics.  The monochromator module was replaced by a mirror module, the divergence slit 

Fig. 2.8: (a) An example of GIXR data from the present study, showing clear Kiessig fringes. (b) A graphical 

demonstration of the procedure used to calculate film thickness XRR data. 
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was reduced to 1/32°, and the triple axis analyzer replaced by a 0.27° parallel plate 

collimator.  Coupled 2θ-ω scans were performed over a range of ~0.3-6° in 2θ.  The 

resulting data was then analyzed to give the epilayer thickness.  This procedure follows 

from the spacing of interference fringes in the reflectively pattern.  Similar to the Laue 

oscillations observed in wide angle scans, Kiessig fringes appear in reflectivity 

measurements due to the interference caused by the heterointerface and film surface.  The 

appearance of these fringes depends strongly on the surface roughness of the sample, as 

reflected intensity drops off exponentially with roughness.[120]  To determine film 

thickness from observed fringes the following equation, known as the Kiessig formula, was 

used,  

 sin
2 𝜃N =

𝜆2

4t2
N2 + sin

2 𝜃𝑐  (7) 

where θN is the peak position of fringe ‘N’, with N being an integer index, λ is the X-ray 

wavelength, t is the thickness, and θc is the critical angle for reflection.[121]  By plotting 

sin2 θN vs. N2 and fitting a linear regression to the data, film thickness was determined from 

the value of the slope.  Fig. 2.8 (a), shows a representative example of GIXR data from the 

present study showing clear fringes, and (b) demonstrates the linear regression method for 

resolving the thickness using the spacing of Kiessig fringes.  

2.5.1.4 Reciprocal Space Mapping  

 As mentioned previously, the WAXRD procedure described in Section 2.5.1.2 is 

sensitive to the film out-of-plane lattice spacing only.  Reciprocal space maps (RSMs), are 

one way to access in-pane features of thin films, but are hardly limited to this function.  
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RSMs are essentially two-dimensional diffraction patterns that map out a sample’s 

structure in reciprocal space. RSMs are one of the most powerful tools for characterization 

of strain and defects in crystalline solids, and are therefore essential to the analysis of 

epitaxial systems.  XRD RSMs can be generated using different techniques depending on 

the experimental geometry and X-ray detection method.  Using a point detector, the 

procedure involves performing a series of coupled, 2θ-ω scans and compiling the results 

into a contour map.  In the preceding sections, the XRD procedure for coupled scans 

involved varying 2θ and ω while maintaining the equality 2θ = 2ω (Q normal to sample 

surface).  However, RSMs are generated using the condition 2θ = 2ω + ‘offset’.  This 

‘offset’ is varied systematically around either symmetric or asymmetric (non-specular, Q 

not normal to surface) plane peaks.   

In this study, RSMs were generated using the same PANalytical X’Pert PRO 

HRXRD system, described previously.  The beam optics and modules used, were the same 

as in the wide angle scans described in Section 2.5.1.2.  Specular (symmetric) RSM scans 

were performed about the BSO (002) peak, while non-specular (asymmetric) were taken 

about the (013).  Angular data (2θ, ω) gathered from the X’pert scans were then converted 

to reciprocal lattice units (Qx, Qz) using the following equations: 

 𝑄𝑥 =
1

𝜆
(cos(𝜔) − cos(2𝜃 − 𝜔)) (8) 

 
𝑄𝑧 =

1

𝜆
(sin(𝜔) + sin(2𝜃 − 𝜔)) (9) 

where λ is the X-ray wavelength, 2θ is the incident beam angle, ω is the sample tilt, and Qx 

and Qz are the inverse interplanar spacings in the x (in plane) direction and z (out-of-plane) 



53 
 

directions, respectively, for the particular plane being analyzed.  The reciprocal space 

contour plots generated with this procedure were then used to calculate the in-plane lattice 

parameter based on the peak position, and also to make qualitative observations about the 

strain and defect structure in our sputter deposited films. Although quantitative analysis of 

RSM data can be used to estimate factors related to film microstructure, such as mosaicity, 

tilt, and lateral coherence, these analyses are beyond the scope of the present study.    

 

2.5.2 Atomic Force Microscopy 

  Atomic force microscopy (AFM), is a versatile high precision characterization 

technique for analyzing solid material surfaces.  AFM is a form of scanning probe 

microscopy, capable of sub-nanometer resolution. The technique involves rastering a 

nanometer scale tip, across the surface of a sample.  The tip is positioned at the end of a 

cantilever, and its atomic 

interactions with the surface 

are measured by the relative 

deflection of the cantilever 

(or the feedback signal 

required to keep the 

cantilever from deflecting).  

Analysis of these interaction 

forces are then used to Fig. 2.9: An example of an AFM image from the present study.  This 

image was generated by scanning the surface of a 2% LBSO thin film 

grown on a GdScO3 substrate.  The RMS roughness was determined to 

be 0.17 nm.[122] 
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generate an image of the surface and to extract experimental quantities such as grain size 

or RMS roughness.  

  In this study, AFM was used to image the surfaces of selected films. A Bruker 

Nanoscope V (with peak force quantitative mechanical mapping) was used in contact mode 

to image the surfaces of selected BSO sputter deposited films.  Contact mode was selected 

and is appropriate due to the hardness of the ceramic BSO films.  The images were then 

analyzed using the instrument software, to determine a value for the films’ RMS surface 

roughness from the observed surface topography.  Fig. 2.9 shows a representative example 

AFM image taken during the scan of a BSO 300 Å film grown on GdScO3, with an RMS 

roughness ~ 2 Å. 

2.5.3 Electron Microscopy 

 In electron microscopy the wave-particle duality of electrons is exploited, and 

beams of electrons can be used to image objects much like electromagnetic radiation is 

used in traditional optics.  The advantages of electron microscopy over traditional forms of 

optical microscopy, however, are manifold.  In addition to a vastly superior resolution, 

electron microscopy can yield information about objects in real space and reciprocal space 

simultaneously, making it one of the most powerful tools for microstructural 

characterization.[118]  In this study, scanning electron microscopy (Section 2.5.3.1) was 

used to image the surfaces of sintered LBSO ceramic pellets, energy dispersive X-ray 

spectroscopy (Section 2.5.3.2) was used to perform elemental analysis of LBSO powders 

and ceramics, and scanning transmission electron microscopy (Section 2.5.3.3) was used 

to image cross-sections of LBSO thin films on various substrates.  
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2.5.3.1 Scanning Electron Microscopy 

 In scanning electron microscopy (SEM), a beam of high energy electrons (0.3-30 

keV) is generated and focused onto a sample surface.[123]  The high energy electrons 

impinged upon the sample cause, among other things, the emission of X-rays from atoms 

in the sample (see Section 2.5.3.1) and ionization of atoms very near the surface which 

then release secondary electrons.  Secondary electrons are very low in energy (~10 – 50 

eV), and are therefore easily deflected by low bias voltage and collected by a detector.[118]   

Indeed, it is the release and detection of these secondary electrons by which the surface is 

imaged.  Depending on the sample density, atomic number, and energy / angle of the 

incident beam, secondary 

electrons can be released from 

depths of < 1 – 20 nm. For this 

reason, the contrast in detected 

intensity of secondary 

electrons is very sensitive to 

changes in surface 

topology.[118]   In this study, 

secondary electron SEM 

images of LBSO ceramic 

pellets were captured using a JEOL JSM-6010PLUS/LA Analytical Scanning Electron 

Microscope.  Fig. 2.10, shows an example secondary electron SEM image of a 2% LBSO 

pellet, after sintering at 1500°C.  From the generated images, qualitative assessments were 

inferred about average grain size and porosity in our sintered BSO samples. 

Fig. 2.10: An example of a secondary electron image, generated using 

a scanning electron microscope.  Depicted is the surface of a 2% 

LBSO ceramic pellet sintered at a temperature of 1500°.  
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2.5.3.2 Energy Dispersive X-ray Spectroscopy 

 As described in the previous section, high energy electrons impinging on a solid 

material will induce the emission of X-ray radiation.  This is due to electronic transitions 

within the atoms of the sample.  The high energy of the incident electrons can ‘knock’ core 

electrons from atoms in the sample, leaving vacant electronic state.  When higher energy 

electrons relax to the fill the core vacancy, energy is released in the form of X-ray radiation.  

The specific amount of energy released in any electronic transition is characteristic of the 

element and electronic shells involved.  Consequently, analysis of the emitted X-ray energy 

spectra can be used to give information about the elemental makeup of a sample.  This 

technique is known as energy dispersive spectroscopy (EDS). 

 EDS was used in the present study to perform elemental composition analysis of 

LBSO powders and ceramics, with the specific intent of confirming effective cation 

stoichiometry, and identifying potential contaminants.  EDS X-ray analysis was performed 

using the same instrument as for secondary electron SEM imaging described in the 

previous section.  X-ray emission spectra were then analyzed using tabulated characteristic 

X-ray energies to reveal the elements present in our samples.  Additionally, by comparing 

the relative intensities of the characteristic X-ray peaks in the EDS spectrum, we were able 

to estimate the cation stoichiometry (Sn:Ba ratio) for our BSO sintered pellet samples. 

2.5.3.3 Scanning Transmission Electron Microscopy 

 While SEM involves the imaging of a sample surface via secondary electron 

emission, transmission electron microscopy (TEM) involves the analysis of electrons 

transmitted through a sample.  TEM uses much higher energy electrons than in SEM (100-
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400 keV) and requires the samples to be very thin (< 100 nm) in order to transmit a 

sufficient amount of electrons for imaging.[118,123]  For this reason TEM analyses require 

very precise preparation techniques to adequately thin samples without damaging them.  

The scanning mode of TEM, called scanning transmission electron microscopy (STEM), 

involves a highly focused electron beam that is rastered across the area of a sample.  

Transmitted electrons are then gathered by a detector to generate an image.  Two different 

detection methods are commonly used in STEM: annular bright field (ABF) and high angle 

annular dark field (HAADF).  These methods are depicted schematically in Fig. 2.11.  ABF 

detectors typically span angles from 10-20 mrads from the incident beam, while HAADF 

detectors typically span 50-200 mrads.[124]  Fig. 2.12, shows an example of HAADF vs 

ABF STEM for STO oriented in the (001) direction.  In HAADF-STEM images electrons 

that reach the detector have been inelastically scattered at high angles from heavy elements.  

This results in bright spots where heavy elements are present, with contrast that depends 

directly on the atomic number “Z”.  Conversely, in ABF-STEM, the detected electrons are 

unscattered.  The resulting images feature dark spots with similar contrast where light or 

Fig. 2.11: (a) A schematic representation of the detection of inelastically forward scattered electrons in 

HAADF STEM. (b) An analogous schematic for ABF STEM. β1, β2, & a are the inner and outer acceptance 

angles, and the electron beam coherence angle respectively. In ABF, a typical configuration is β2 = a, and β1 

= a/2.[124] 
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heavy atoms are present, because electrons inelastically scattering from either are not 

detected.  In this study, STEM images were collected to examine the cross-section of our 

sputtered films.  Samples were sectioned, mounted, and ground/polished, to very low 

thickness in order to allow the transmission of electrons for imaging, where primarily 

HAADF was used. 

 

2.6 Electronic Transport Measurements 

 The electronic transport properties of sputter deposited LBSO thin films were 

analyzed by measuring sheet resistance at different temperatures and magnetic fields.  The 

van der Pauw (VDP) method was used to determine experimental values for resistivity, 

Hall coefficient, carrier concentration and electron mobility.[125,126]  The procedure used 

to collect resistance measurements and determine transport properties is detailed in the 

following sections.  

 

Fig. 2.12: STEM images of a SrTiO3 (001) sample taken with (a) HAADF (b) ABF.  In (a), the high Z 

contrast allows the identification of Sr and Ti.  While in (b) the absence of intensity indicates the locations 

of all three constituent element in SrTiO3. [124] 
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2.6.1 Contact Geometry and Resistance Measurements  

 Fig. 2.13(a) shows a schematic diagram of the contact geometry used in this study 

to measure thin film resistances.  First, indium contacts were soldered onto each corner of 

the 5x5 mm samples.  Then the sample was bonded to a sample holder with GE varnish, 

and gold wires were used to connect the In contacts with contact pads on the holder.  A 

photo of this set-up is shown in Fig 2.13(b).  Next, the sample holder was loaded into the 

measurement system chamber and subsequently pumped down to low pressure.  In this 

study, a Quantum Design Dynacool Physical Properties Measurement System (PPMS) was 

used to measure resistances while varying temperature and magnetic field. After loading 

the sample into the measurement chamber, two-terminal resistance measurements were 

taken, using a Kiethley 2612B sourcemeter, to determine the least resistive sets of contacts 

on the sample. The lowest resistance contacts were then used to pass current in 4-terminal 

resistance measurements, in an effort to limit I2R losses. In this geometry, 4-terminal 

resistance is determined by passing current between two adjacent contacts, while 

Fig. 2.13: (a) A schematic diagram of the contact geometry used to study electronic properties. (b) A photo 

of an LBSO thin film sample on LAO substrate bonded to the PPMS sample holder with gold wires 

connecting the indium contacts to the holder contact pads. 
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measuring voltage between the other two.  By using separate pairs of wires for current and 

voltage, this set up probes film resistance while eliminating wiring and contact 

resistances.[127]  Resistance values for 3 separate 4-terminal configurations (channels), 

were recorded during the analysis of each film.  Two 4-terminal resistances channels, and 

a Hall channel, which was kept consistent as “RDB_CA”. (In this notation, the first two 

subscript characters indicate the passage of current, and the second two correspond to (+) 

and (–) voltage terminals respectively.)  Finally, an appropriate value for probe current was 

selected for the measurements.  This was done by sampling different current values across 

each channel, and selecting a value for current where clearly Ohmic behavior was observed 

for all three channels. 

 Once the 4-terminal channels had been established, and an appropriate probe 

current selected, the PPMS interface software was used to program and execute various 

measurement sequences.  During these sequences, resistance across all three channels was 

measured while the temperature and / or magnetic field in the sample chamber was varied.  

The PPMS Dynacool system was used to measure resistances at temperatures from 1.8 – 

300 K, and in the presence of out-of-plane ±90 kOe applied magnetic fields.  

 2.6.2 Determination of Transport Properties 

 Data sets of electrical resistance measurements, gathered from the PPMS 

sequences, were analyzed using the van der Pauw method.  This is a versatile and accurate 

method for measuring films, but relies on a few important assumptions: (1) that the contacts 

are on the edge of the sample, (2) that contact area is minimized (<10%, van der Pauw 

assumes point contacts), (3) that the sample is homogeneous and with uniform thickness.  
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The following represents the basic equation of the method, which was used to determine 

the sheet resistance for each sample via numerical methods:   

 𝑒−𝜋R1 Rs⁄ + 𝑒−𝜋R2 R𝑆⁄ = 1 (10) 

where R1 is the channel 1 resistance (for example RAB_CD), R2 is the channel 2 resistance, 

and RS is the sheet resistance (all resistances have units of Ω).[126]  The average 

resistivity was then calculated by multiplying the sheet resistance by the film thickness.  

Next the film carrier concentration was estimated from the channel 3 Hall resistance 

measurements via the following equations, 

 R3 = RHB            RH = −
1

enS

          n3D =
nS

𝑡
 (11-13) 

where R3 is the channel 3 resistance (namely, RDB_CA), RH is the Hall coefficient (in 

cm2/C), B is the magnetic flux density, e is the elementary charge (1.602 x10-19 C), nS is 

the sheet carrier concentration (in cm-2), t is the film thickness, and n3D is the 3D carrier 

concentration in the film.  Values for the Hall coefficient, RH, were determined by 

performing a linear regression on the channel 3 resistance data as a function of changing 

magnetic field, where RH is equivalent to the slope of the regression line.  Once carrier 

concentration and sheet resistance are determined, the mobility was then extracted using 

the equality, 𝜇 = 1 enSRS⁄ .   
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Chapter 3: Analysis of Polycrystalline LaxBa1-xSnO3  

  Powders and Sintered Targets / Pellets 

 

3.1 Introduction 

 In this chapter, our work involving the synthesis and characterization of bulk 

polycrystalline BSO is summarized.  Selected results and appropriate discussion are 

included to give a clear presentation of our findings.   

3.2 Structure and Composition of BaSnO3 Powders and Pellets 

 First, undoped polycrystalline BSO samples were prepared following the procedure 

outlined in Section 2.1.1.  Fig. 3.1 shows the powder XRD pattern for an undoped BSO 

powder, and the corresponding sintered pellet.  Also shown is the expected pattern for 

BaSnO3, generated from known diffraction data.   From Fig. 3.1, it can be seen that the 

undoped powder XRD results closely match the expected pattern for BSO.  However, there 

are some notable discrepancies due to the presence of residual SnO2.  The small peaks on 

either side of the (110) in the BSO powder can be attributed to the (110) (26.61°) and (101) 

(33.92°) of SnO2, which are the two most intense peaks.   Additionally, the 3rd and 4th most 

intense SnO2 peaks can also be observed, corresponding to the (211) (51.78°) and the (301) 

(65.94°).  The appearance of SnO2 peaks begs the question: is there also unreacted excess 

barium?  We should expect to see BaO peaks whenever SnO2 peaks are present, unless the 

powder masses were originally slightly off-stoichiometric during mixing or Ba was lost 
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during reaction/grinding.  Regardless, the secondary peaks all disappear after pressing and 

sintering at 1450°C, resulting in phase pure BSO as can be seen in Fig. 3.1(b).  After 

sintering, the XRD pattern of the pellet matches extremely well with expectation, 

indicating a completely phase pure BSO sample.  All but the lowest intensity peak from 

the expected pattern, namely the (320), are visible in Fig. 3.1b.  Note, in the expected BSO 

pattern, Fig. 3.1c, the location of the (410), (331), and (421) peaks (indicated by dashed 

lines) were calculated based on the known structure and lattice constant for BSO.  Because 

these peaks were not listed in the database, their relative intensities were assumed to be 

small, and they are listed in the figure only to provide explanation for peaks observed at 

similar 2θ angles in the above diffraction patterns.  Overall, the data presented in Fig. 3.1a 

& b, are nearly identical to the expected diffraction pattern for BSO, and therefore confirm 

our sintered targets to be phase pure BSO.   

Fig. 3.1: Powder diffraction 2θ-ω coupled scans of (a) an undoped BSO powder, and (b) the corresponding 

pellet after pressing and sintering at 1450°C.  (c) the expected BSO diffraction pattern. 
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Following the procedure described in Section 2.3.1.1, the diffraction patterns in 

Fig. 3.1 were used to estimate bulk lattice parameters.  The lattice parameters were 

determined to be 4.117±0.001 Å for both the undoped BSO powder and sintered pellet 

respectively.  This finding shows reasonable agreement with the bulk value expected from 

the literature, of 4.116 Å for undoped BSO. 

 After verifying the 

phase purity of our undoped 

BSO ceramics, EDS 

measurements were performed 

to verify elemental composition 

and identify possible 

impurities/contaminants.  Fig. 

3.2 shows the results of an EDS 

scan performed on an undoped 

BSO sintered pellet showing 

X-ray intensity as a function of 

energy.  The scans were 

performed at a voltage of 20 

kV, at a working distance of 10 

mm, and over an area 0.05 mm2. 

Intensity data was collected for 

each scan for approximately 2 

minutes.   Fig. 3.2(a) and (b) 

Fig. 3.2: X-ray emission spectra from SEM – EDS analysis of an 

undoped BSO pellet, for both the front (a) and back (b) sides of the 

sample. Peaks are labeled with corresponding characteristic 

electronic transitions.   
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correspond to the ‘front’ and ‘back’ (arbitrarily named) side of the pellet.  The front and 

back side were scanned individually to compare any possible differences in composition 

between the two surfaces, as one surface was exposed to air during sintering, while the 

other was resting on an Al2O3 plate.  At low energies (<0.5 keV), characteristic Kα peaks 

of low Z elements C, N, and O are observed.  Carbon and Nitrogen are ubiquitous and 

always present on the surface.  At intermediate energies (0.5-2 keV), Al and Si K-shell 

peaks can be identified.  These elements are also always detected due to the instrument 

itself, where the holder is Al and the detector Si.  The series of peaks around 0.7-1.0 keV 

likely arise due to M-series transitions of Ba and Sn, not all of which are listed in the 

National Physical Laboratory database.[128]  The peak observed around 0.99 eV is 

attributed to the Ba Mγ energy (0.97 eV), while some intensity near 0.72 eV is likely due 

to the Sn Mγ.[128]  The characteristic peaks identified at higher energies (>2 eV) 

correspond to the L-series transitions of Ba and Sn.  The Sn L-shell X-ray photons appear, 

at lower energies, followed by those of Ba at higher energies.  No X-ray peaks were 

detected above the Ba Lγ2,3 peak at about 5.8 keV.  Although both scans match well with 

what is expected for BSO, some differences were observed.  The ‘front’ side shows an 

increased intensity (by a factor of 3) in the Al Kα peak.  One possible explanation for this 

may be the diffusion of Al from the Al2O3 plate into the pellet surface.  Al may have 

diffused during the high temperature sintering process (1450°C) into the BSO pellet, and 

thus contributed to the increased Al Kα signal for one side of the pellet vs. the other.  

Another unexpected peak is observed in Fig. 3.2b at 2.01 keV.  This energy is very close 

to the P Kα1,2 transitions (2.013-2.014 keV).[128]  However, the presence of phosphorus 
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would be difficult to explain, and is likely due to some form of contamination, possibly 

from polishing prior to the EDS experiment.  Note that this peak is not observed in any 

other EDS measurements in this study.   

 In conjunction with the EDS analysis described above, SEM images were also taken 

of the surface of each side of the sintered pellet.  Fig. 3.3 depicts secondary electron images 

of both sides of the same undoped pellet described above.  As can be plainly seen from the 

images, the pellets are very porous with large variations in grain size, on the order of 1μm.  

Fig. 3.3: Secondary electron SEM images of the surface of an undoped BSO pellet after pressing and sintering 

at 1450°C.  Images were taken at 5000X magnification. (a) is the ‘front’ side and (b) is the ‘back’ side, 

corresponding to the EDS results in Fig. 3.2 

Figure 3.4: A schematic example illustrating the inhomogeneous compaction in single action uniaxial 

pressing operations, and the comparative benefits of double action.[139] 
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From the images in Fig. 3.3 it can be see that the porosity is lower on one side versus the 

other.  This is likely an artifact of the compacting process.  Because we used a single action 

press to compact our powder before sintering, the side of the pellet exposed directly to the 

force would have received more effective compaction, and thus achieved higher density.  

This process is shown schematically in Fig. 3.4, where the benefits of a double action press 

for homogenous density can be clearly seen.   

3.3 Impact of Varying La Concentration in LaxBa1-xSnO3 

 After confirming the structure and composition of our undoped BSO target, the 

same procedure was repeated to produce targets with varying La doping levels.  LBSO 

ceramic targets of 0.2%, 2%, and 10% La were prepared and analyzed as before.  Fig. 3.5 

shows the powder XRD results of three LBSO sintered pellets, each containing a different 

Fig. 3.5: Powder diffraction 2θ-ω coupled scans of LBSO sintered pellets with (a) La: x = 0.002, (b) x = 

0.02, and (c) x = 0.10. (d) Expected diffraction patterns for both BaSnO3 (black) and La2Sn2O7 (red) are 

shown in the bottom panel for reference.[129] 
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concentration of La.  All three pellets were sintered at 1450°C for 24 hours.  The XRD 

patterns of the x = 0.002 and x = 0.02 pellets are nearly identical to that of the undoped 

pellet of Fig. 3.1, and agree very well with the expected pattern for BSO (Fig.3.5d).  

However, upon increasing the La concentration to 10%, a secondary phase begins to appear 

in the diffraction results.  These peaks are attributed to the development of the secondary 

pyrochlore phase La2Sn2O7 (LSO).  The peaks corresponding to LSO are marked on Fig. 

3.5c with red diamonds, and the expected powder diffraction pattern for LSO is shown as 

red bars in (d).  The formation of the LSO phase in LBSO x = 0.10 was expected based on 

the findings of previous studies, where the solubility of La in BSO had been determined 

experimentally to be around <5%.[77,78]   

In an ideal solid solution, the bulk lattice parameter will vary linearly with x 

(Vegard’s Law). Fig. 3.6 shows the experimentally determined lattice constants for each 

BSO pellet plotted against its respective La concentration.  Note that the error bars shown 

in Fig. 3.6 only express the uncertainty in the linear regression used to calculate the lattice 

parameter and do not reflect 

uncertainty due to the 

instrument.  Although the results 

appear to roughly follow a linear 

trajectory, some deviation from 

linearity is expected above the 

solid solubility limit (~5%).  

Due to the limited number of 

data points, no definitive 
Fig. 3.6: LBSO lattice parameter plotted vs. La concentration. The 

dashed line is shown only as a guide to the eye. 
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observations can be made about the exact nature of the relationship between the La 

concentration and bulk lattice parameter.  However, the general trend in Fig. 3.6 agrees 

with what has been found in the literature for increasing La doping in LaxBa1-xSnO3 

systems.[77]     

 EDS analysis was 

performed on the LBSO x = 

0.02, and LBSO x = 0.1 

sintered pellets.   Fig. 3.7(a) & 

(b) show the X-ray emission 

spectra gathered from the 

aforementioned samples.  The 

results shown in Fig. 3.6(a) 

closely match those in Fig. 

3.2, for the undoped BSO 

pellet. The same characteristic 

peaks for Ba and Sn are 

observed, and only a few small 

peaks characteristic of La L-

series transitions are visible 

(shown in inset).  However, in 

Fig 3.7(b) for x = 0.1, the La L 

transitions become clearly 

distinguishable.  The relative 

Fig. 3.7: X-ray emission spectra collected via SEM – EDS 

measurements on sintered pellets of (a) 2% and (b) 10% La doped 

BaSnO3. Peaks are labeled with corresponding characteristic 

electronic transitions.  In (a), the right corner inset is a blown up image 

of the box in the center of the Figure to show the small La peaks.. 
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amounts of La, Ba, Sn, and O in the samples were estimated by fitting the peaks in the 

emission spectra.   This analysis estimated the La concentration, x, to be 0.03 and 0.14 for 

the x = 0.02 and x = 0.10 pellets respectively, within a factor of 1.5 of their expected values, 

which is considered reasonable agreement. 

Finally, the electrical resistivity for each of our sintered BSO pellets were measured 

and compared.  For the 0.2% La doped pellet, the resistivity was determined to be ~8 kΩcm.  

Upon increasing the La concentration to 2%, the resistivity dropped by several orders of 

magnitude to ~10 Ωcm.  This level of improvement in conductivity was not unexpected, 

as it corresponds to the order of magnitude increase in the carrier concentration.   Finally, 

a resistivity of ~30 Ω cm was found for the 10% La pellet.  An unexpectedly higher 

resistivity was observed for this pellet despite a 5-fold increase in theoretical carrier 

density.  This observation may be explained by the presence of the insulating secondary 

phase La2Sn2O7, as determined from powder diffraction experiments.  

  

3.4 Effects of Sintering Temperature on BaSnO3 Target Bulk Properties 

  After investigating the effects of La doping in our LBSO targets, we decided to 

study the influence of sintering temperature on bulk properties.  Part of the motivation for 

this was an attempt to improve the density of our ceramic targets.  The SEM images in Fig 

3.3 revealed our sintered ceramics to be quite porous, with density determined to be < 70% 

the theoretical density of BSO (7.24 g cm3).  In contrast, high quality powder processed 

ceramics typically have a density in excess of 90% of the theoretical material density.  

Many variables in powder processing can influence the final density, including powder 
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granule size/distribution, pressing techniques, and sintering parameters (both time and 

temperature).  Of these, the only readily varied parameter in our experimental set-up was 

the sintering temperature, due to restrictions in our grinding (mortar & pestle) and pressing 

methods (already near maximum pressing force). 

 To investigate the effects of sintering temperature on bulk properties of our LBSO 

ceramics, we synthesized a series of pellets using different sintering temperatures and then 

performed various analyses to characterize their structure.  Five LBSO (x = 0.02) pellets, 

were sintered at 1350°C, 1400°C, 1450°C, 1500°C, and 1550°C.  Fig. 3.8 shows the results 

of 6 powder diffraction scans, one for each of the 5 pellets and one of the powder before 

sintering.   All 5 pellets were pressed using a force of 2500 lbs, sintered for 24 hours in air, 

Fig. 3.8: Powder diffraction 2θ-ω coupled scans for five LBSO pellets sintered at different temperatures.  

Pellets were pressed with 2500 lbs then sintered for 24 hours.  All diffraction peaks are marked by 

corresponding symbols (see legend above plot).  The diffraction scan data for the original powder, is included 

for reference (top-left).  
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and, with the exception of the 1400°C sample, were produced from the same powder batch.  

It is clear from Fig. 3.8 that as the sintering temperature was increased the peaks from 

precursor oxides, BaO and SnO2, progressively reduced in intensity, and above 1500°C 

were not observed at all.  These results clearly demonstrate the benefit of higher sintering 

temperatures to promote phase purity in BSO polycrystals.  Based on these findings a 

temperature of 1450°C was selected as a standard going forward to ensure phase purity in 

our BSO targets.   

The lattice parameter, abulk, was calculated for each of the five pellets and plotted 

vs. sintering temperature, as shown in Fig. 3.9(a).  All sintering temperatures probed 

produced lattice parameter values in good agreement with the literature, as well as previous 

results.  However, there appears to be a slight expansion of the lattice at higher sintering 

temperatures, up to 4.120 Å at 1550°C.  While this increase constitutes an extremely small 

volume expansion, on the order of 0.1%, the accuracy of the lattice parameter values instills 

confidence that this may indeed be a real trend.  A possible explanation for this behavior 

may be the increased prevalence of cation vacancies and/or possible changes in the cation 

Figure 3.9: (a) Bulk lattice parameter plotted vs. sintering temperature for LaxBa1-xSnO3 (x = 0.02) pellets. 

Note: The literature value for bulk lattice parameter is displayed as a dashed line for reference.  (b) 

Theoretical density vs. sintering temperature.  The data point represents a previous result, for a pellet pressed 

at 8000 lbs of force rather than 2500 lbs.  
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stoichiometry at high sintering temperatures.  Regardless, to achieve the expected lattice 

parameter for 2% La doped BSO, 4.117 Å, these results suggest 1450°C as an optimal 

sintering temperature.  

Next, the density of the pellets was estimated, and plotted vs. the sintering 

temperature.  Density was estimated by measuring the masses of the pellets and dividing 

by the volume as calculated using the physical dimensions (assuming a perfect cylinder).  

Fig. 3.9(b) shows the estimated densities, as a percentage of theoretical density, vs. 

sintering temperature.  A slight increase in density is observed with increasing sintering 

temperature, which would be intuitively expected.  However, the increase is marginal (~7-

8%), and non-monotonic over the range of sintering temperatures probed.  Considering the 

significant uncertainty involved in the estimates of volume, these results are not sufficient 

to make any quantitative inferences about the relationship of density to sintering 

temperature.  Also included on the plot in Fig. 3.9(b) is one data point, referencing an 

important previous result, where the pellet was pressed with a force of 8000 lbs (>10,000 

psi).  This pellet yielded a density approximately 10% higher than that of the pellet pressed 

at 2500 lbs for the same sintering temperature.  This result implies that our ceramic density 

may be improved by using a higher pressing force.  However, the force equivalent of 8,000 

lbs for a 0.5” pellet would be 128,000 lbs for a 2” target, which is well beyond the limit of 

our press.  Ultimately, the results in Fig. 3.9(b) appear to suggest that the limiting factors 

for density in our targets are related to the compaction methods and not the sintering 

temperature (e.g. applied force, cold pressing vs. hot pressing, single vs. dual action, 

fineness of powder etc.)  Thus, further increasing the density of our LBSO powder 

processed ceramics would require further investigation, and is beyond the scope of this 
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thesis.  It should be noted here that although achieving theoretical density is desirable, it 

may not be necessary to produce high quality epitaxial films by sputter deposition.  This is 

because the specific microstructure of the target is less important than the elemental 

chemistry in determining the properties of the deposited films.   

 To follow up the density measurements reported above, SEM images were taken of 

the surfaces of each sintered pellet.  Fig. 3.10 shows the secondary electron micrographs 

captured for the 1350°C and 1550°C sintered pellets.  Upon increasing sintering 

temperature from 1350° to 1550°C, a clear reduction in the porosity at the surface is 

observed, as the grains appear more fully coalesced at the higher temperature.  These SEM 

results support the conclusions drawn from Fig. 3.9(b), and our expectation, that the density 

is increased upon sintering at higher temperatures.    

In addition to phase purity, structural, and density considerations, the effect of 

sintering temperature on electrical resistivity and the Sn:Ba elemental ratio were also 

investigated.  Fig. 3.11(a) shows the electrical resistivity of LBSO pellets plotted against 

vs. sintering temperature.  The bulk resistivity shows an increasing trend with sintering 

Fig. 3.10: Secondary electron SEM images of 2% La doped BSO pellet surfaces.  Imaged were taken at 

5000x magnification. (a) Sintering temperature of 1350°C, and (b) 1550°C. 
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temperature, with a more significant jump at temperatures above 1500°C.  The minimum 

value of ~ 9 Ωcm was measured for the pellet sintered at the lowest temperature.   This is 

a surprising result, as the increase in density would be expected to improve conductivity.  

The highest density sample (pink data point, where higher pressing force was used) indeed 

shows the lowest resistivity.   One possible explanation for the increased resistivity at very 

high sintering temperatures may be the formation of cation vacancies.  These vacancies 

can act as acceptors, trapping electrons and limiting conductivity.   

To investigate the effects of sintering temperature on cation stoichiometry (Sn:Ba 

ratio) in our LBSO targets, we analyzed pellets sintered at various temperatures using EDS.  

Upon numerical analysis of the EDS emission spectra, values for the Sn:Ba ratio were 

determined.  Fig. 3.11(b) shows the Sn:Ba ratio vs. the sintering temperature in our LBSO 

(x =0.02) ceramic targets.  The dashed line in Fig. 3.11 indicates the value expected for 2% 

La-doped BSO (i.e. [Sn]/([Ba]-[La])).  The accuracy of this method was tested by 

Fig. 3.11: (a) Resistivity vs. sintering temperature for 2% La doped BSO pellets.  Note: The purple data point 

is a previous result shown for reference. (b) Sn:Ba ratio, as determined from EDS X-ray emission 

measurements, vs. sintering temperature.  Note:The data points were ‘corrected’ by comparison with the 

results from a known single crystal of 0.29% Nd doped BSO sample.  The dashed line is the expected Sn:Ba 

ratio for 2% La doped Ba sites in BSO. 
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measuring the Sn:Ba ratio in a known 0.29% Nd doped BSO single crystal, where the 

cation stoichiometry is very close to 1:1 (i.e. [Sn]/([Ba]-[Nd]) = 1.0029).  The EDS results 

on the single crystal showed a Sn:Ba ratio of 1.046.  This result was then used to “correct” 

our other EDS results, by using the same (multiplicative) factor needed to bring the single 

crystal Sn:Ba ratio to the known value.   In Fig. 3.11(b) the Sn:Ba ratios show a transition 

from slightly above the expected ratio to slightly below, as sintering temperature is 

increased, indicating a loss of Sn at high sintering temperatures.  If this apparent trend is 

reproducible it could help to explain the increase in resistivity at high sintering 

temperatures.  In BSO, SnO6 octahedra form the conduction pathways for electrons.[84]  

Therefore, Sn vacancies would likely have a profound effect on the conductivity in BSO.  

However the loss of Sn at high sintering temperatures may be difficult to explain.  Based 

on available thermodynamic data, BaO is more readily vaporized than SnO2 (but similar to 

SnO), which is in contrast with the trend observed in Fig. 3.11(b).[140]  Obviously, more 

research is needed to verify this phenomenon, but for the purposes of this study the results 

are enough to confirm our choice of 1450°C as the optimal sintering temperature for the 

synthesis of LBSO ceramic sputtering targets.  It should be noted that the Sn:Ba ratio 

results in Fig. 4.11(b) also present an interesting opportunity for future work.  The effects 

of cation stoichiometry on the transport properties of sputtered BSO films could be probed 

by sputtering from targets with varying Sn:Ba stoichiometry. 
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3.5 Conclusions 

 In this chapter, we have demonstrated the ability to synthesize phase pure 

polycrystalline LBSO ceramic targets, with the exception of LBSO at x = 0.10, where the 

appearance of the secondary phase, La2Sn2O7, was predicted and agreed with expectations 

from the literature.  We have also shown that the lattice parameters determined from our 

LBSO targets are in good agreement with literature values.  The bulk lattice parameter was 

shown to increase, as expected, with increasing La concentration.  We also investigated the 

effects of varying sintering temperature on structure and transport in our LBSO targets.  

We found that increasing sintering temperature led to marginally increased density and 

significantly increased electrical resistivity (especially above 1500°C).  These findings, in 

concert with our powder XRD results, led us to adopt 1450°C as the standard for sintering 

of LBSO powder processed ceramics for use as sputtering targets.  Confirmation of our 

bulk synthesis techniques provided us with a solid foundation from which to proceed to 

our sputter deposition experiments, which are the focus of the following chapter.  
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Chapter 4: Influence of Varying Growth Conditions on 

Structure and Electronic Transport in 2% 

La-Doped BaSnO3 Thin Films  

 

4.1 Introduction 

 The primary focus of this thesis was to investigate the properties of high pressure 

oxygen sputtered BSO thin films.  After verifying the structure and chemistry of our 

sputtering targets, as described in Chapter 3, we then proceeded to grow thin films of BSO 

on various commercially-available substrates and analyze their properties.  In this Chapter, 

we present the results of 3 systematic studies on 2% La-doped BSO sputtered films, grown 

on a variety of (001) cubic/pseudo-cubic single crystalline substrates: LaAlO3 (LAO), 

SrTiO3 (STO), (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT), MgO, GdScO3 (GSO), and PrScO3 

(PSO).  First, we studied the effects of varying deposition temperature, Tdep (Section 4.2), 

by growing BSO films at four different substrate temperatures between 750°C and 900°C.  

After determining the optimal temperature for our system, we then grew a series of films 

of different thicknesses, spanning a wide range from ~100 – 2000 Å, to investigate the 

evolution of film properties as a function of thickness (Section 4.3).  Finally, we examined 

the effects of deposition rate (Section 4.4), by growing set sof films at different rates.  In 

each of the studies mentioned above, the O2 pressure and target-substrate separation were 

kept constant throughout, to limit variation.  In an effort to reduce the energy of sputtered 

particles these parameters were chosen near the maximum for our sputtering system.  

(Note: the precise target-substrate separation is not known, instead we measure a directly 

related, 1:1 correlation, external separation, which was maintained at 109.5 mm.) 
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4.2 Influence of Deposition Temperature on Film Structure and Transport 

  To investigate the effects of temperature on the properties of sputtered LBSO films 

we performed four growths at 750°C, 800°C, 850°C, and 900°C to achieve films of 

thickness approximately 750-850 Å.  During each growth, 2% La doped BSO was 

simultaneously deposited onto four different 5 x 5 mm single crystal substrates: LAO, STO, 

LSAT, and MgO.  The orientation of the substrates was such that the cubic (or pseudo-

cubic) crystal planes aligned with the polished surface, i.e. with planes normal to the 

direction [001].  All the films in this section were DC sputtered with identical growth 

parameters (excluding temperature),  a current of 150 mA and an oxygen pressure of 1.875 

Torr.   

4.2.1 Deposition Temperature: Structural Characterization 

Fig. 4.1 shows the high resolution wide angle X-ray diffraction (WAXRD) scans 

for each film in the deposition temperature (Tdep) dependence study.  (Note: only 3 MgO 

films are reported here due improper loading of the MgO substrate for the 850°C growth.)  

The film thicknesses were determined either from wide angle interference fringes or GIXR 

Kiessig fringes, and were all verified to be between 740 and 940 Å.  Although Fig. 4.1, 

only shows data in the 2θ range 40-50°, no other peaks were seen in wider scans (20-80°), 

aside from multiples of the (001), confirming good out-of-plane epitaxy and phase purity 

in our films (mostly, see below discussion of secondary peaks).  From the WAXRD results 

in Fig. 4.1, a few structural trends are notable.  First, it can be clearly seen from the film 

peak shapes and relative intensities that the film structural quality is superior for the 

perovskite substrates: LAO, STO, and LSAT.  Films deposited on the rock salt structure 
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MgO substrates all produced broader, lower intensity, peaks, indicating poorer 

crystallinity.  This finding emphasizes the importance of symmetry matching for perovskite 

oxide epitaxy.  Of the perovskite substrates used here, STO appears the best host for 

epitaxial BSO, as clear interference fringes appear for all films on STO substrates, 

indicating a smooth substrate/film interface and surface roughness, while such fringes can 

only be see for one film across all LAO and LSAT substrates (LAO at Tdep = 900°C).  

Another important observation is the appearance of a small secondary peak in some of the 

XRD scans.   For the films deposited on LAO at 850°C and 900°C, a small peak appears 

around ~46 degrees in 2θ.  Similar secondary peaks appear in the film deposited on LSAT 

at 850°C, and in the film on STO at 750°C, at around 45.5 and 45.1 degrees respectively.  

Although the phase(s) that give rise to these peaks are not known definitively, some 

Fig. 4.1: XRD 2θ-ω coupled scans of 2% La BSO films grown on (a)LAO, (b)STO, (c)LSAT, and (d)MgO 

substrates at four different temperatures:  750°C(blue), 800°C(green), 850°C(red), and 900°(black).   
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possibilities include the Sn2O3 [(1̅31) at 45.2°] or the 2nd order BSO Ruddlesden-Popper 

(RP) phase, Ba3Sn2O7 [(118) at 45.8°].[75]   Regardless of the exact phase identity, the 

appearance of these peaks indicates some (small) level phase impurity in the films, perhaps 

due to the development of RP stacking faults during film growth.  The appearance of the 

secondary peaks in our sputtered BSO films was sporadic however, and therefore not much 

can be said about them, besides the observation that they tend to appear more often in films 

grown on LAO than on other substrates.  In regard to the temperature dependence, the films 

on the perovskite substrates show little change with increasing Tdep.  However, the film 

peaks on MgO substrates (normalized to the substrate intensity) were seen to significantly 

increase in intensity with increasing Tdep.  This indicates a substantial improvement in the 

crystallinity at higher growth temperatures.  The following RC analysis also supports this 

conclusion for films grown on MgO. 

Fig. 4.2 shows the RC (ω-scan) XRD data taken for the (002) peaks of each film 

shown in Fig. 4.1.  For films grown on STO, the RC appears nearly identical across the 

four deposition temperatures and is readily fit to a single Lorentzian peak with FWHM 

close to that of the substrate (~0.05°).  In contrast, for films grown on MgO, and to a lesser 

extent LSAT, the RCs are broad, but appear to improve with increasing Tdep, becoming 

narrower and more intense.  This signifies a reduction in mosaicity with increasing 

temperature, which could be due to a reduction in defect density.  The differences in the 

RCs at different Tdep can be clearly seen for films deposited on the symmetry mismatched 

MgO in Fig. 4.2(d), where the broad peak seen for Tdep = 750°C evolves into a much 

narrower peak at Tdep = 900°C.  It should be noted that the tendency for LAO substrates 
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(non-cubic, often twinned) to exhibit multiple peaks in substrate RC scans sometimes led 

to multiple peaks appearing in the film RCs as well (see the green curve in Fig. 4.2(a)).  

This effect complicated the RC analysis, making it more difficult to accurately evaluate 

their FWHM for films deposited on LAO throughout this report.   

Fig. 4.3 summarizes the structural parameters, aop, Λ/t, and the RC FWHM 

extracted from the raw data in Fig. 4.1 and 4.2, and displays the results plotted vs. Tdep.  

Neither aop nor Λ/t show great variation with the deposition temperature, but there are some 

significant differences between the films grown on different substrates.   For the most part 

Fig. 4.2: Rocking curve XRD scans of the (002) peak of 2% La BSO films grown on (a)LAO, (b)STO, 

(c)LSAT, and (d)MgO substrates at four different temperatures: 750°C(blue), 800°C(green), 850°C(red), and 

900°(black).   
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the values determined for aop are in good agreement with the bulk value determined for the 

sputtering target (4.117 Å).  However, for the films grown on STO the out-of-plane lattice 

parameter was seen to be significantly expanded, at values around 4.130 Å.  In thin films 

deposited on compressively mismatched substrates, an expanded out-of-plane lattice 

parameter can be a sign of in-plane strain due to the substrate.  However, considering the 

large lattice mismatch for STO (-5.4%) and subsequently low expected critical thickness 

(exceeded here by a factor of  > 20), it would be surprising for these BSO films not to be 

completely relaxed on STO.  Interestingly, this trend, of higher aop for BSO films on STO, 

is observed in all the sputtered films in this report, as well as in films grown by several 

other groups spanning different deposition methods (i.e. MBE and PLD).[131,132,59]  

This expansion could perhaps be due to some defect or impurity specific to STO substrates.  

However, no clear explanation for this phenomenon has so far been found.  Oddly enough, 

Fig. 4.3: (a) Out-of-plane lattice parameter, aop, (b) Scherrer length / thickness, Λ/t, and (c) film peak RC 

FWHM plotted vs. deposition temperature.  Note: the dotted line in (a) indicates the bulk lattice parameter 

of the sputtering target. 
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while the films on STO show anomalous behavior in their aop, they appear to be the 

preferred substrate when comparing the ratio Λ/t (Fig. 4.3(b)), which is equal to 1 for an 

ideal film.  For all Tdep, the films on STO showed greater Λ/t ratios (~0.9) than on any of 

the other substrates. The films on MgO, on the other hand, showed very low Λ/t ratios (< 

0.6), indicating significant microstrain from defects. However, said films were seen to 

improve slightly with increasing Tdep.  

In Fig. 4.3(c) the film (002) RC FWHM for each sample is plotted vs. Tdep.  From 

this plot, it can be clearly seen that the FWHM of the RCs for BSO films grown on MgO 

substrates decreases significantly with deposition temperature.  Even at the highest Tdep, 

however, films on MgO still exhibit much broader RCs than for the films on the perovskite 

substrates, who’s FWHMs were seen to closely match the substrate RC.  BSO films 

deposited on LSAT also showed a slight decrease in FWHM with increasing temperature, 

but remained effectively constant after about 800°C.  The decrease in FWHM corresponds 

to a reduction of mosaic spread in the films.  The structural improvements seen at higher 

Tdep, are likely due to the self-annealing of defects at higher growth temperatures.  At lower 

deposition temperatures, defects like vacancies and/or interstitials may be effectively 

‘quenched in’, but at higher temperatures the atoms are more mobile, having higher 

diffusivity, and thus are more likely to occupy thermodynamically stable positions.  If a 

significant reduction in defect density is taking place at higher deposition temperatures, 

then it may be expected to show up as a reduced lattice parameter (closer to the ideal bulk 

value).   For the films grown on MgO, the substrate whose film structures improves the 

most at higher Tdep, a slight reduction in the lattice parameter is indeed observed (Fig. 

4.3(a)), going from 4.121 Å at 750°C to 4.116 Å (near bulk) at 900°C. 
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4.2.2 Deposition Temperature: Transport Properties 

 Fig. 4.4 shows the summary of 300K transport properties, resistivity (ρ), carrier 

concentration (n), and mobility (μ), vs. deposition temperature (Tdep) for films between 740 

and 940 Å thick.  Fig. 4.4(a) shows that the resistivity drops monotonically as deposition 

temperature is increased for all four substrates.  Interestingly, it appears that the resistivity 

begins to saturate, at around 0.3 mΩcm at 900°C, again regardless of substrate.  Just as in 

the previous section, the most significant changes with deposition temperature are in films 

grown on MgO.  Increasing deposition temperature from 750°C to 800°C resulted in a 

decrease in resistivity of more than 2 orders of magnitude for our 2% La-doped BSO films 

grown on MgO.  Fig. 4.4(b) shows the Hall carrier (electron) concentration, n, for each of 

the films in the temperature series.  From the plot, it can be seen that above Tdep = 800°C 

Fig. 4.4: Room temperature transport properties for 2% La BSO films grown at different deposition 

temperatures (Tdep).  (a) Resistivity, ρ, (b) carrier concentration, n, and (c) mobility, μ, vs. Tdep.  Note: the 

dashed line in (a) illustrates the theoretical carrier concentration based on 100% La dopant activation. 
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n is close to the theoretical value predicted for 2% La-doped BSO with all La dopants 

ionized: 2.86 x 1020 cm-3.  However, as can be seen in Fig. 4.4(b), this value is exceeded 

for many of our films.  The carrier concentrations for our 900°C films range from 2.9 – 3.3 

x 1020 cm-3 across all four substrates.  Defects, such as oxygen vacancies, unintentional 

dopants, and measurement uncertainty can all contribute to the range of values seen for the 

carrier concentration.  Nevertheless, the observed values for n are close enough to the 

predicted value to infer that essentially all La dopants are ionized, with negligible 

compensation, at 300K.  At deposition temperatures below 800°C, however, the carrier 

concentrations dropped to 1.3 – 2.2 x 1020 cm-3, significantly below the expected value.  

This indicates the presence of significant compensating defects in the films at lower Tdep, 

which are not present (or present in much lower quantities) at increased growth 

temperatures.  This supports the conclusion from the previous section that increasing Tdep 

reduces defect density.  In BSO, possible compensating defects include cation vacancies 

and dislocations cores, both positively charged defects.  Naively, one would imagine that 

the density of threading dislocations is directly related to mismatch with the substrate 

(displayed on the bottom right of Fig. 4.4), however, no such correlation was observed 

between lattice mismatch and carrier concertation as a function of Tdep.  This finding 

indicates the defects which are reduced at higher deposition temperature are likely not 

dislocations, but rather point defects the concentration of which do not seem to depend on 

the choice of substrate material.  

Finally, in Fig. 4.4(c), the electron mobility, μ, is plotted vs. Tdep.  Films grown on 

all four substrates were shown to increase in mobility monotonically with Tdep.  These 

results indicate that higher mobilities could be achieved by using even higher deposition 
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temperatures, or by thermal annealing post growth.  Additionally, in a similar trend to ρ 

and n, as the deposition temperature was increased the films all approached a similar value 

for mobility, around 50 cm2V-1s-1 at 900°C.  Again, this trend appears despite the 

differences in lattice mismatch, and, in the case of MgO, crystal symmetry.  Fig. 4.5 shows 

a more detailed look at the plot in Fig. 4.4(c), where, for clarity, only films on LAO and 

STO are shown.  In this 

temperature dependence study, 

the growth times were kept 

constant as we anticipated the 

deposition rates to be relatively 

constant.  What we observed, 

however, was that the 

deposition rate increased 

substantially from about 6.5 

Å/min at 750°C to almost 8.0 

Å/min at 900°C.   This increase in growth rate opposes the expected trend for higher 

substrate temperatures.  At higher substrate temperatures, the desorption rate of sputtered 

particles at the growing surface rises, which effectively slows the deposition rate.  In our 

experiments, some other effect, possibly due to the increased gas temperature, must 

counteract and overwhelm increased desorption rate to produce the opposite result of 

increasing growth rate with temperature.  Regardless of the exact cause, the increase in 

growth rate resulted in greater thicknesses for our 900°C films.  Consequently, in order to 

tighten the thickness range for our temperature study, we repeated the 900°C growth for 

Fig. 4.5: 300K mobility vs Tdep for 2% La doped BSO films grown 

on LAO and STO substrates.  Select film thicknesses are displayed 

for reference, and the dashed and dotted lines are guides to the eye. 
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less time to produce films of around 80 nm on LAO and STO only.  These films were found 

to be ~750 Å thick, and showed some significant differences in their transport properties, 

as can be seen in Fig 4.5 by comparison of the dashed and dotted lines.  Clearly, the epilayer 

thickness has a significant effect on the transport properties of our sputtered BSO films, as 

will be expounded in the following sections.    

4.2.3 Deposition Temperature: Concluding Thoughts 

Our findings in this study demonstrate the importance of deposition temperature on 

the transport properties of sputtered BSO epitaxial films.  We found that, for films 

deposited on the perovskite substrates (LAO, LSAT, and STO), the deposition temperature 

had little effect on film structure, while films on symmetry mismatched MgO substrates 

significantly improved in crystallinity at higher Tdep.  On the other hand, the electronic 

transport properties were seen significantly improve for films across all four substrates with 

increase in deposition temperature.  Additionally, our data suggest that further 

improvement of mobility is possible by utilizing deposition temperatures above 900°C.  

Due to instrument limitations, this was not possible in the present work, so a deposition 

temperature of 900° was adopted for all future BSO sputtering experiments.  Finally, the 

positive trends for film resistivity and electron mobility with increasing growth temperature 

support the idea that post-growth thermal annealing may prove a valuable processing 

technique in further optimization of mobility in BSO epitaxial films.      
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 4.3 Dependence of Structure and Transport Properties on Film Thickness 

 After the results of the last section established 900°C as the optimal temperature 

for BSO sputter deposition in our system, probing the influence of epilayer thickness was 

the next logical step in the exploration of our LBSO thin films.  In this study films of 

approximately 100, 300, 1200, and 2000 Å thicknesses were grown on 5 x 5 mm LAO, 

STO, GSO, and PSO (all perovskite) substrates, spanning a wide range in mismatch of 

2.2% (PSO) to 8.7% (LAO).  For each targeted thickness a separate growth was performed 

simultaneously on all four substrates.  The same parameters for DC current (150 mA), 

oxygen pressure (1.875 Torr), and target-substrate separation (109.5 mm) were used as in 

the previous section.  Each growth was conducted at a substrate temperature of 900°C. 

Results of the 900°C growths from the previous section were also included. 

4.3.1 Thickness Dependence: Structural Characterization 

 Fig. 4.6 shows the high resolution WAXRD for each sputtered film grown on LAO, 

STO, GSO, and PSO substrates.  The different colored curves represent films of different 

thickness, and are grouped by the average thickness recorded for each growth.  It should 

be noted that the thicknesses of the ~2000 Å samples could not be measured, because the 

interference fringe spacing was smaller than the resolution of our instrument.  Hence, the 

listed value of 2000 Å is an extrapolation, based on the growth rates calculated from 

previous films.  From the curves in Fig. 4.6, some common trends can be identified across 

all four substrates.  As the thickness was increased the film peaks became narrower and 

more intense and the spacing of the interference fringes decreased.   Similar to the WAXRD 
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patterns shown in Fig. 4.1, all the films grown on STO, except the aforementioned 2000 Å 

film, show clear interference fringes, while films on LAO show fringes only for films 

below ~800 Å.  Also like Fig. 4.1, secondary phase peaks are observed, but only appear 

for films grown on LAO.  The films grown on the scandate substrates show slight shifts in 

the film peak position toward higher angles with increasing thickness, consistent with strain 

relaxation, as discussed below.  This trend is most easily seen for films on PSO, where the 

lattice mismatch is only 2.2%.    

 Fig. 4.7 shows the structural parameters, aop, and Λ/t, plotted vs. the film thickness 

for all the films in the thickness study.   From the plot in Fig. 4.7(a) it can be seen that the 

lattice parameters for LAO and STO follow a similar behavior as in the temperature study 

Fig. 4.6: XRD 2θ-ω coupled scans of 2% La BSO films grown on (a)LAO, (b)STO, (c)GSO, and (d)PSO 

substrates at varying thicknesses (see legend).  
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of the previous 

section.  Films on 

LAO again showed 

aop near the bulk 

value, while films on 

STO once again 

exhibited values for 

aop consistently 

around 4.130 Å, 

regardless of thickness.  For the lower mismatched scandate substrates, evidence of strain 

relaxation can be seen in the values for aop.  At low thicknesses films on GSO (-3.9% 

mismatch) and PSO (-2.2%) show expanded lattice parameters, and at high thicknesses aop 

appears to relax toward the bulk value.   If the expanded value for aop in BSO films grown 

on STO was in fact due to residual strain in the films, then we might expect to see a similar 

pattern as seen on the scandates, where the lattice parameter relaxes toward the bulk at high 

thickness.   The fact that films on STO show no appreciable changes over the entire 

thickness range probed implies that there is some other mechanism that leads to the 

expanded out-of-plane lattice parameter.   Fig. 4.7(b) shows the observed value for Λ/t 

decreasing for all substrates, from close to 1 for very thin films, to < 0.6 for films around 

2000 Å.  This behavior is expected; As the film thickness increases the Scherrer length is 

less dependent on the film’s finite size, and the effects of microstrain begin to play an 

increased role in peak broadening.  From Fig. 4.7(b), the Λ/t ratio begins to drop off around 

Fig. 4.7: (a) Out-of-plane lattice parameter, and (b) Scherrer length / thickness 

plotted vs film thickness. Note: the dashed line in (a) indicates the bulk lattice 

parameter of the sputtering target.  
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1000 Å, for films on all substrates. However, the rate at which this ratio decreases appears 

to be different for films on substrates.  The causes for this trend are unknown, but might be 

related to the crystalline quality (RC FWHM) of the substrates themselves, where LAO 

substrates were consistently the worst and GSO substrates were the best.  

Fig. 4.8 shows the film (002) peak rocking curves, corresponding to the WAXRD 

data in Fig. 4.6.  The film rocking curves reveal some interesting patterns with increasing 

thickness.  At low thicknesses (~300 Å or less) the rocking curve peaks adopt a shape that 

closely fits to the convolution of two peaks: one broad and one narrow, as can be seen in 

the representative RC shown in Fig. 4.9.  This phenomenon can be seen across all four 

substrates at low film thickness.  As the thickness is increased, however, the RC shapes 

evolve to fit a single narrow peak on all the substrates except LAO.  For films grown on 

Fig. 4.8: Rocking curve XRD scans of the (002) peak of 2% La BSO films grown on (a)LAO, (b)STO, 

(c)GSO, and (d)PSO substrates at thicknesses from 100 – 2000 Å.   
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LAO, the transition at high thickness 

appears to favor a broad peak rather than 

a narrow one.  In Fig. 4.10, the trends that 

can be seen in Fig. 4.8 have been 

quantified and presented in the form of 

the FWHM (broad and narrow 

component where applicable) and the 

intensity ratio of the narrow component 

over the total measured intensity, 

Inarrow/Itotal, plotted vs. the film thickness.   From Fig. 4.10(a) & (b), it can be clearly seen 

that the broad component of the RC disappears above 300 Å for all films except those 

grown on LAO.   Additionally, the FWHM values of the narrow components of the RC 

were consistently yielded values around 0.05°, close to the substrate RC FWHM, for all 

thicknesses and across all substrates,  excluding thick (>1000 Å) films on LAO.   For films 

grown on LAO, the 

trend observed in the 

RC is opposite to that 

for the other substrates, 

where the narrow 

component is reduced 

at high thickness and 

eventually disappears.  

This dichotomy in the 

Figure 4.9: Representative example of the fitting of 

(002) film RC data to two peak components. 

Fig. 4.10: (a) RC FWHM and (b) the intensity ratio, Inarrow/Itotal, plotted vs. 

deposition rate for 300-400 Å films grown on LAO, STO, GSO, and PSO.  In 

(a) both the narrow (open circles) and broad (crossed circles) RC components 

are plotted for films whose RCs show the convolution of two peaks. 
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RC behavior is again clearly seen in Fig. 4.10(b), where the intensity ratio, Inarrow/Itotal, goes 

to zero for LAO beyond ~1000 Å.   At the highest thickness probed, ~2000 Å, the film on 

LAO exhibited a very broad RC peak, with a FWHM value of 0.92°, whereas the other 

three substrates produced films with an average RC FWHM value of only 0.04°, a 

difference of more than 20x!  One possible explanation for this remarkable difference may 

be the development of some defect which vastly increases mosaicity only for films on 

LAO.  Screw type dislocations present one such possibility, as the Burger’s vector of a 

screw dislocation points out of the plane in this system, potentially impacting the mosaicity 

of the (00l) planes.  However, more research will be needed to confirm this hypothesis, and 

it is hoped that STEM imaging will help to elucidate the cause of the (002) RC broadening 

in thick BSO films on LAO.  

To further investigate the peculiar behavior of the 2000 Å thick films, we performed 

RSMs for the films grown on STO and LAO.  Fig. 4.11 shows the RSMs for both the 

specular (002) and non-specular (013) reflection for the 2000 Å films grown on LAO and 

STO.  From the film peak positions, the in-plane lattice parameter, aip, can be determined 

from the non-specular RSMs, while the out-of-plane lattice parameter, aop, can be estimated 

from both.  For both films, the values for aop estimated from RSM are in good agreement 

with those previously reported from the WAXRD coupled scans (Fig. 4.6 &4.7).  Namely, 

4.12 Å for the film on LAO and 4.127 Å for the film on STO.  The corresponding in-plane 

lattice parameters were determined to be 4.12 Å for the film on LAO, and 4.107 Å for the 

film on STO.   For the film on LAO, the lattice parameter for both in plane and out of plane 

were well matched, indicating a fully relaxed film.  For the film on STO, the expanded out 

of plane lattice parameter and contracted in plane lattice parameter are consistent with what 
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one might expect for a partially strained epitaxial film lattice.  This is despite the fact that 

at 2000 Å the film thickness greatly exceeds the estimated critical thickness for strain 

relaxation given in Table 1.1.  Interestingly, approximately the same lattice constants, both 

in-plane and out-of-plane, have been reported by other research groups growing BSO on 

STO.[59,132]  In addition to information about in-plane lattice parameter and strain, the 

RSM results also serve to elucidate the defect structure of the 2000 Å films.  As can be 

clearly seen in Fig. 4.11(a) & (b), the film peaks on LAO are very broad compared to the 

film peaks on STO.  For non-specular RSMs, broadening along the direction perpendicular 

to the plane normal is indicative of defects in the crystal structure, while broadening along 

the parallel direction is representative of compositional variations.[134]  In Fig. 4.11(b) & 

(d), the (013) RSMs for both films are elongated mostly in the Qx direction, indicating the 

Fig. 4.11: Specular and non-specular reciprocal space maps of the (002) and (013) film and substrate peaks, 

for 2000 Å thick 2% La BSO films on LAO, (a) and (b), and STO, (c) and (d), substrates.    
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presence of significant defect density.  Predictably, based on the results shown in Fig. 4.10, 

the broadening of the peak is far greater for the film grown on LAO than for the film grown 

on STO, however the difference is not as stark as what might have been expected based 

solely off the (002) RC FWHM discrepancy in Fig. 4.10(a).  An in depth investigation of 

the defect structure, including RSMs for the films grown on the lower misfit scandate 

substrates and quantitative analysis of the dislocation densities based on WAXRD results, 

would undoubtedly prove interesting and enlightening.  Although these analyses were not 

performed in this study, they represent an immediate opportunity for future work. 

After completing the X-ray analyses described above, the 2000 Å film samples 

were passed on to a colleague for STEM imaging.  Fig. 4.12 shows four low magnification 

HAADF STEM images taken of the cross sections of 2000 Å  2% La-doped BSO films 

grown on LAO, STO, GSO, and PSO.  Several key features stand out from these images.  

Most notably, all the films share a similar pattern of vertical striations, which are easily 

visible despite the contrast differences between the images.   These vertical lines are very 

likely indicators of threading dislocations in the films.  Based only on mismatch, BSO films 

on LAO (-8.7%) would be expected to contain roughly 10x the number of dislocations 

compared to films grown on PSO (-2.2%, see Table 1.1), but from inspection of the images 

in Fig. 4.12 no clear differences can be seen in the concentration of the vertical contrast 

features between films grown on different substrates.  However, it should be noted that 

cross-sectional STEM is not ideal for analysis of dislocations.  Indeed, plan-view STEM is 

needed to more accurately quantify dislocation densities.  As described above, the 2000 Å 

film grown on LAO exhibited a very broad out-of-plane RC (Fig 4.10(a)) but the increased 

mosaicity, relative to the films on STO, GSO, and PSO, is not apparent from the STEM 
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images in Fig. 4.12.  Further 

analysis is clearly needed to 

elucidate the mechanisms 

responsible for the 

significant differences in 

mosaicity between films 

grown on LAO and those on 

STO/GSO/PSO.  

Other features which 

are present in the images in 

Fig. 4.12 include the dark 

spots near the substrate film 

interfaces and the large pits 

at the surface.  These 

features appear to be voids, 

possibly forming due to a shadowing effect caused by a low angular distribution of 

incoming sputtered particles.  The voids at the surface are also observed in AFM imaging.  

Fig. 4.13 shows AFM images taken in contact mode for the films in Fig. 4.12(a) & (b) 

deposited on LAO and STO, respectively.  Just as in the STEM images, the films are 

relatively smooth, with RMS roughness of < 2 nm.  However, the surfaces are riddled with 

pits, too deep to be depth profiled by the AFM tip, which show up as black dots on the 

Figure 4.12: Cross-sectional, low magnification, HAADF STEM 

images of 2000 Å thick 2% La BSO films deposited on (a) LAO, (b) 

STO, (c) GSO, and (d) PSO substrates. 
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images.  The causes for the formation of these surface voids is not known, but may be 

related to the voids observed lower in the film collapsing.  It should be noted that these 

surface voids were not seen in our thinner films (< 300 Å). 

 4.3.2 Thickness Dependence: Transport Properties 

 To investigate the thickness dependence of our films’ electronic properties, we 

systematically performed temperature dependent ρ, n, and μ measurements for each film 

and then compiled the results in the following plots.  Fig. 4.14 shows the 300K transport 

results as a function of film thickness.  From Fig. 4.14(a), the resistivity is observed to 

decrease monotonically with film thickness, for films grown on all four substrates.  In fact, 

the film resistivity appears to follow the same general trend with thickness, regardless of 

the substrate, similar to the findings of the Tdep study (Fig 4.4).  Initially, the resistivity 

drops rapidly with thickness, but then begins to level off and saturate at a value of roughly 

0.3 mΩcm (a conductivity of 3 x 103 S cm-1) for thicknesses above about 1200 Å.   The 

origins of this resistivity behavior can be better understood by inspection of the trends in n 

Figure 4.13: Contact mode AFM surface images of 2000 Å thick 2% La BSO films deposited on (a) LAO 

and (b) STO substrates. 



99 
 

and μ vs. thickness shown in Fig.’s 4.14(b) and (c) respectively.  The carrier concentration, 

n, determined for our 2% La-doped BSO films is again observed to approximately equal 

the value predicted for 100% La dopant activation for film between roughly 300-1000 Å 

thick.  Interestingly however, at higher thickness the carrier concentration rises 

significantly above the theoretical La concentration.  At ~2000 Å thick, the 2% LBSO film 

grown on PSO was estimated to have 4.7 x 1020 cm-3 carriers, which would constitute an 

increase of over 50% from the theoretical maximum of 2.9 x 1020 cm-3 for 2% La doping 

of Ba sites in BSO.  Some factors that could possibly lead to the high values observed for 

n include carriers donated by oxygen vacancies, unintentional n-type impurities, 

inhomogeneous distribution of La in  the target (or film), and errors in the original mass of 

La2O3 added to the BSO powder.  Regardless of the source of the extra carriers, the gradual 

Fig. 4.14: Room temperature transport properties for 2% La BSO films grown at different 

deposition rates.  (a) Resistivity, ρ, (b) carrier concentration, n, and (c) mobility, μ, vs. deposition 

rate.  Note: the dashed line in (a) illustrates the theoretical carrier concentration based on 100% 

La dopant activation. 
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increase in n with thickness, after about 300 Å, suggests some reduction of compensating 

defect densities takes place when going to higher thicknesses.  Conversely, at thicknesses 

below 300 Å, the carrier concentration decreases rapidly with decreasing thickness.  For 

films of approximately 100 Å the observed carrier concentration was observed to drop by 

roughly a factor of five below the La doping level.  At very low thicknesses, interface 

effects, misfit dislocations, and surface depletion may all play a role in the effective 

compensation of mobile electrons.  While the exact mechanisms responsible for the 

reduced carrier concentration at low thicknesses are not known, for the purposes of this 

study it is sufficient to observe that the effects are only seen in films below about 300 Å.  

The reduction in carrier concentration seen in Fig. 4.14(b) at low thickness helps to explain 

the increased resistivity as well as the decrease in mobility.  Fig. 4.14(c) shows the 300K 

electron mobility plotted vs. the measured film thickness. The mobility was observed to 

steadily increase with increasing thickness, up to an apparent maximum around 50-60 

cm2V-1s-1 for ~1200 Å thick films.  Again, all the films appear to follow the same curve 

regardless of which substrate they were grown on.  The results in Fig. 4.14(c) are important, 

because they contrast with predictions made in previous studies about the impact of 

mismatch on the mobility of epitaxial BSO.[56,74,75]  Indeed, the apparent lack of any 

dependence on substrate material in our mobility results indicates that the density of 

threading dislocations, at least those originating from misfit dislocations, is not the limiting 

factor for mobility in our 2% La doped BSO films. 

The question then becomes, what is the limiting factor for mobility in our films?  

Ab initio calculations from a recent study investigating the role of various scattering 

mechanisms in epitaxial BSO, may help to explain our results.  In their calculations, 
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Prakash et al. found that the dominant scattering mechanisms in BSO, at room temperature, 

are inelastic scattering from optical phonons, and elastic scattering due to ionized 

impurities (including dislocations).[57]  In this treatment, the ionized impurity limited 

mobility, μIMP, and dislocation limited mobility, μDIS, were calculated separately, and 

subsequent comparison of their inverses (using Matthiessen’s Rule) revealed that scattering 

due to ionized impurities was predicted to exceed that due to dislocations in BSO by nearly 

a factor of 10, for carrier concentrations and dislocation densities of 4 x 1020 cm-3 and <1012 

cm-2, respectively.  This carrier concentration is similar to the values determined for our 

2% La-doped BSO films, which suggests that ionized impurities, rather than the 

dislocations, may be the limiting factor for mobility in our sputtered films.  However, the 

mobility in our films is still significantly lower that than calculated from the model. 

Specifically, ~100 cm2V-1s-1 at 300K for the above conditions, while our films reach only 

~60 cm2V-1s-1.  A number of possible reasons exist for this discrepancy.  First, the 

dislocation density in our films could be significantly higher than the value used in the 

calculations, and we do not have experimental estimates for this value in our films.  Second, 

cation stoichiometry effects and/or unintentional impurities (contaminants) may also play 

a significant role as additional scattering sources limiting the mobility of our films.   

 While the plots in Fig. 4.14 present the transport properties observed at 300 K, the 

temperature dependence of our films transport properties were also probed.  Fig 4.15 shows 

the transport properties, ρ, n, and μ, as a function of temperature, for films grown 

exclusively on STO substrates. Similar plots to those shown in Fig. 4.15 were compiled for 

all four substrates featured in our thickness dependence study, but only the results on STO 

are shown here to serve as a representative example.  Results for films grown on the other 
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substrates are included in the appendix. In Fig. 4.15(a), film resistivity is plotted vs. 

temperature.  From this plot, it can be seen that all the 2% La-doped BSO films showed 

metallic behavior with temperature, showing decreasing resistivity at lower temperatures.  

However, for the thinnest films (≤ 300 Å), an upturn in the resistivity is observed at low 

temperatures, indicative of weak localization effects.[122]   Also,  it is clear from the plot 

that with each increase in film thickness there is a reduction in resistivity.  For the 2000 Å 

film on STO, the resistivity reaches a value of nearly 0.1 mΩcm at low temperatures 

(conductivity of 104 S cm-1).   In Fig. 4.15(b), the carrier concentration is plotted for each 

thickness.  No significant temperature dependence is observed for the carrier concentration.  

Even at very low temperatures, down to 1.8 K, carrier freeze out is not observed, which 

Figure 4.15: The temperature dependence of electronic transport properties for 2% La BSO films of 

thickness from 100 – 2000 Å.  (a) ρ vs. T, (b) n vs. T, and (c) μ vs. T  



103 
 

indicates a degenerately doped system.  Finally, Fig. 4.15(c) shows the film mobility as a 

function of temperature.  For the films over 100 Å in thickness a steady increase in mobility 

was observed with decreasing temperature. This trend was seen to continue down to about 

50 K, at which point the mobility starts to saturate.  For the 1200 Å thick film, the mobility 

reached a maximum value of 91 cm2V-1s-1 at temperatures around 20 K.  The initial increase 

in mobility upon temperature reduction is due to the reduction of phonon scattering while 

the concentration of ionized impurities remains constant.  In the thinnest film (~100 Å), 

greater disorder leads to a reduction of mobility at very low temperatures, corresponding 

to the localization of charge carriers.  

4.3.3 Thickness Dependence: Concluding Thoughts 

 Our investigation into the thickness dependence of epitaxial DC sputtered 2% La 

BSO films revealed some interesting trends.  On the structural side, many of our 

observations with increasing thickness were as expected, such as the observation of strain 

relaxation, evident from the out-of-plane lattice parameter data for films deposited on GSO 

and PSO.  However, two unexpected results require further investigation to resolve. The 

first is the expanded lattice parameter observed for our films on STO, where aop did not 

change with thickness, even up to 2000 Å, in defiance of any conventional explanation 

related to strain relaxation.  The second was the stark differences observed between the 

(002) RC for films on LAO versus films on the other three substrates.  What type of defect 

structure led to this discrepancy? And why does it only show up for films on LAO 

substrates?   With additional research efforts, including further cross-sectional and plan-

view STEM analysis, we hope to develop answers to these outstanding questions. 
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While the structural dependence revealed some interesting trends, the dependence 

of the electronic transport properties with film thickness are perhaps the most important 

findings presented in this thesis.  First, we demonstrated that the carrier concentration in 

our films reached the theoretical La doping concentration after roughly 300 Å of film 

thickness, and remained relatively constant with increasing thickness.   Second, we 

confirmed the expectation that resistivity decreases monotonically with increasing film 

thickness.  Our DC sputtered BSO films consistently reached conductivities on the order 

of 103 S cm-1 for films above 300 Å.  Finally, we showed that the electron mobility of our 

2% La-doped BSO films exhibited no obvious dependencies on the choice of substrate 

material.  Our films showed a maximum room temperature mobility of roughly 55 

cm2V-1s-1 for four different substrates in the observed optimal thickness range of 1000- 

1250 Å.  This value increased to roughly 80 cm2V-1s-1 below 20K.   The results of this 

study indicate that the limiting factor for mobility in our high pressure oxygen sputtered 

epitaxial BSO is not dislocation scattering resulting from mismatch with the substrate.  

Although there is some evidence that ionized impurities may be the dominant scattering 

source in our 2% La doped BSO films, more research is needed to confirm this assertion. 

To do this, a quantitative analysis of threading dislocation density is needed (plan view 

STEM).   

 

4.4 Effects of Deposition Rate 

 In Section 4.2 the optimal growth temperature for sputtering BSO films was 

determined to be 900°C.  Then, in the previous section, films with varying thickness were 
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grown at 900°C to investigate the effect of thickness on film properties, and it was found 

that ~1000-1250 Å is the optimal thickness range for maximizing mobility.  In both studies, 

the deposition rate for sputtering was kept relatively constant by maintaingin the same 

growth conditions.  Namely, the oxygen pressure (1.875 Torr), separation distance and DC 

current (150 mA).  In this section we present the results of our investigation into the effects 

of deposition rate on film properties.  To do this, we grew two new sets of films at 100 mA 

and 75 mA, while keeping the other growth parameters constant.  For this study we targeted 

a film thickness of 300 Å for each growth.  This allowed us to use the data previously 

reported for 300 Å films in the previous section, which were grown at 150 mA, for 

comparison.  While in this study only the DC sputtering current was varied, it should be 

noted that other growth conditions, such as pressure and target-substrate separation, also 

effect the deposition rate, and in different ways than the current.  However these 

dependencies were not explored in this study. 

4.4.1 Rate Dependence: Structural Characterization 

 Fig. 4.16 shows the WAXRD scans for the twelve 2% La doped BSO films 

analyzed in the rate dependence study.  All the films were measured to be between 280 - 

380 Å thick, and the deposition rates were determined to be ~7.5, 3.5, and 2.0 Å/min for 

the 150, 100, and 75 mA growths, respectively.  Upon lowering the current from 150 to 

100 mA (blue to red curves), it can be seen that the film (002) peak narrowed and the 

interference fringes become more prominent.  This result may be partly attributed to the 

increased impact of thermal annealing effects.  As the films were deposited at slower rates, 

the time at 900°C was increased.  However, upon slowing the rate even further, from 100 
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to 75 mA (red to black curves) the opposite effect was observed, as interference fringe 

contrast was reduced and the peaks broadened.  Interestingly, these effects are more 

pronounced for the films grown on the lower mismatched substrates, GSO (-3.9%) and 

PSO (-2.2%), than on LAO (-8.7%) and STO (-5.4%).  Another trend that can be seen in 

the diffraction patterns of Fig. 4.16, is the migration of the peaks towards lower 2θ angles 

for films deposited at slower rates.  Analysis of this behavior is presented more clearly in 

Fig. 4.17(a), where the out-of-plane lattice parameter is plotted for each substrate as a 

function of the deposition rate.  From the plot, the out-of-plane lattice parameter is seen to 

increase monotonically for films on all four substrates as the growth rate is reduced.  This 

pattern indicates the films are progressively more strained at slower growth rates.  In 

Fig. 4.16: XRD 2θ-ω coupled scans of 2% La BSO films grown on (a)LAO, (b)STO, (c)GSO, and (d)PSO 

substrates at deposition rates of 2.0 Å/min (black curves), 3.5 Å/min (red curves), and  7.5 Å/min (blue 

curves). The growth rates (g.r.) correspond respectively to DC sputtering currents of 75, 100, and 150 mA 
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addition, the expansion of aop appears to be a function of the lattice mismatch.  That is, the 

lower mismatched substrates exhibit more strain in their out-of-plane lattice parameters, 

than do the higher mismatched substrates for the same growth rate.  Note that, again, the 

lattice parameter for films on STO start out higher than expected (~4.130 Å).  The results 

plotted in Fig. 4.17(b) 

for Λ/t confirm the 

increase of 

microstrain inferred 

from the aop values for 

low growth rates.  

While the value Λ/t 

remains relatively 

constant and close to 

1 (ideal) for the films 

deposited on LAO and STO at all three deposition rates, it drops significantly for the lower 

mismatched substrates GSO and PSO at the slowest rate probed.  With the largest decline 

seen for the lowest mismatched substrate, PSO.  We reconcile this increase in strain by 

proposing that the films’ critical thickness is increased.  In other words, by slowing the 

kinetics of film growth (i.e. by reducing deposition rate), the critical thickness for misfit 

dislocation formation is effectively increased.  This phenomenon would lead to a larger 

portion of the film being strained, especially for the closely lattice matched substrates, and 

would explain the observed trends in the WAXRD coupled scans.  In fact, the out-of-plane 

lattice parameter for the film on PSO deposited at the slowest rate (4.158 Å) is close to the 

Fig. 4.17: (a) aop, and (b) Λ/t plotted vs film thickness. Note: the dashed line in 

(a) indicates the bulk lattice parameter of the sputtering target. 
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theoretical value (assuming a linearly elastic isotropic material) for a fully strained 

coherent BSO film on PSO (4.161 Å).  Indeed, the aforementioned film is still partially 

strained despite having a thickness roughly 4 times the predicted critical thickness 

calculated in Table 1.1 (~100 Å from Matthews-Blakeslee).   This is a potentially important 

observation: if the critical thickness is dependent on the growth kinetics, perhaps it can be 

effectively tuned to allow the formation of fully coherent films. 

 Fig. 4.18 shows the (002) film peak rocking curves for the twelve films examined 

in the rate study.   As seen in the previous section investigating thickness dependence, the 

RCs for ~300 Å BSO films again fit well as a convolution of two peaks: one narrow and 

one broad (see Fig. 4.9).  Similar to the results of Fig. 4.13, the 100 mA growth (red curves) 

showed narrower RCs for all four substrates, possibly due to thermal annealing.  Upon 

Fig. 4.18: Rocking curve XRD scans of the (002) peak of 2% La BSO films grown on (a)LAO, (b)STO, 

(c)GSO, and (d)PSO at deposition rates of 2.0 Å/min (blue curves), 3.5 Å/min (red curves), and  7.5 Å/min 

(black curves). The growth rates (g.r.) correspond respectively to DC sputtering currents of 75, 100, and 150 

mA.  
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further slowing the rate (blue 

curves), a deviation in the RC 

behavior is observed to occur 

between the  films deposited 

on the high mismatched 

substrates (LAO and STO) 

vs. the lower mismatched 

scandate substrates (GSO and 

PSO). This effect is 

quantified in the plots of Fig. 

4.19(a) & (b), where the 002 RC FWHM and the narrow-over-total peak intensity ratio are 

plotted, respectively, vs. deposition rate.    In Fig. 4.19(a), the trend with growth rate is 

relatively clear, as the rate is reduced from 7.5 to 3.5 Å/min, the RCs narrow for all the 

substrates, similar to the observed improvements in Fig.’s 4.16 & 4.18.   As the rate is 

reduced to ~2.0 Å/min, however, we again see a differing response for the films on the 

lowest mismatched substrates, especially PSO.  The RC FWHM suddenly becomes very 

broad for the film on PSO at the slowest rate.  The film on GSO at this rate also shows 

some broadening, but to a lesser extent.  Based on these trends, at even slower rates, we 

might expect BSO films on GSO to make a similar jump in terms of the RC FWHM as 

seen for PSO.  One the other hand, the films on LAO and STO show no such transition, 

and appear to maintain mostly narrow RCs regardless of growth rate.  The same trend can 

be seen in Fig. 4.19(b), except for the outlier films on LAO, which appear to have multiple 

peaks, likely due to the substrate quality.   Unlike the results in Fig.’s 4.17, the behavior 

Fig. 4.19: (a) RC FWHM plotted and (b) the intensity ratio, Inarrow/Itotal, 

plotted vs. deposition rate for 300-400 Å films grown on LAO, STO, 

GSO, and PSO.  In (a) both the narrow (open circles) and broad 

(crossed circles) RC components are plotted. 
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observed from the 002 RCs for BSO films grown on scandate substrates cannot be 

explained simply by increased strain in the film, as this would not lead to increasing 

mosaicity on its own.  A more detailed investigation is therefore required to understand the 

broadening effect seen in the RCs for these films, specifically on PSO. 

4.4.2 Rate Dependence: Transport Properties 

 Unlike in the previous study on thickness dependence, when the deposition rate was 

slowed the electronic transport properties of the films did appear to vary depending on the 

substrate material.  Fig. 4.20 shows the 300K ρ, n, and μ as a function of depostition rate 

for the films in the rate dependence study.  The common theme in the plots of Fig. 20 is 

the differences in behavior between the films on the high mismatch substrates, LAO and 

STO, and the films on the low mismatch scandate substrates, GSO and PSO.  Starting with 

Fig. 4.20: 300K transport properties for 2% La BSO films grown at different deposition rates.  (a) ρ, (b) n, 

and (c) μ, vs. deposition rate.  Note: the dashed line in (a) illustrates the theoretical carrier concentration 

predicted for 100% La dopant activation. 
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the resistivity, in Fig. 4.20(a) the films on LAO and STO clearly show a minimum for the 

3.5 Å/min growth (100 mA).  As mentioned in the previous section, the consequences of 

lowering growth rate will introduce some additional thermal annealing effects, especially 

considering the high growth temperature.   If the overall defect density is presumed to be 

greater in films deposited on substrates with larger mismatch, then the effects of annealing 

would be expected to be more dramatic on such films.  In Fig. 4.20 this is indeed the case, 

as films on the highest mismatched substrate, LAO, see the greatest improvement in 

resistivity and mobility, while films on the lowest mismatched substrates see no significant 

improvements in changing the rate from 7.5 – 3.5 Å/min.  As the deposition rate is 

decreased further, from 3.5 to 2.0 Å/min, the trends described above are seen to reverse, 

and films grown on LAO and STO increase in resistivity and decrease in mobility.  As for 

the films on the scandates, while GSO remains relatively constant, showing only a slight 

improvement in conductivity and mobility at the lowest rate, the film on PSO drastically 

improves in conductivity and mobility, shooting up to 70 cm2V-1s-1! which represents the 

highest room temperature value in this report.  This behavior can be partially explained 

using the observation from Fig. 4.14 that the films become progressively more strained at 

slower deposition rates.  The value for aop determined for the film grown on PSO at 2 

Å/min (4.158 Å), is close to the theoretical value for a fully coherent film with no misfit 

dislocations (4.161 Å).  If the film is largely free of misfit dislocations, it could explain the 

increased mobility.  Additionally, if the trends seen in Fig.’s 4.16-4.19 continue, it might 

be expected that films on GSO would also make a jump in mobility, similar to PSO, when 

growing at even slower rates (>2 Å/min).  Interestingly, as can be seen in Fig. 4.20(b), the 

carrier concentration does not change significantly for the films grown at slower deposition 
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rates, suggesting that the level of compensation remained relatively constant despite the 

significant changes in the observed mobility.  However, it should be pointed out that, at the 

thickness considered in this rate study (~300-400 Å), there is still significant charge 

compensation as opposed to the thicker films of the previous study.  Indeed, it would 

undoubtedly prove informative to repeat a similar systematic study for thickness 

dependence using a deposition rate of 2 Å/min.   

4.4.3 Rate Dependence: Concluding Thoughts 

 In this section we showed there was an increase in residual strain in our films with 

decreasing growth rate, as evidenced by our WARXD results.  We suggest that this increase 

in strain is the result of slowing the film growth kinetics inhibiting the film’s tendency to 

relax by forming misfit dislocations.  This hypothesis is also supported by the results of 

our transport measurements, specifically for the film grown on PSO at a deposition rate of 

~2 Å/min.  In said film, the largest increase in strain was accompanied by a vast 

improvement in room temperature mobility, presumably due to the reduction of misfit 

dislocations upon realizing a more fully coherent film.   Fig. 4.21 shows the temperature 

dependent electronic transport properties of the outstanding film grown on PSO.   This film 

exhibited an excellent room temperature mobility compared to films grown under similar 

Figure 4.21: Temperature dependent transport properties, ρ (a), n (b), and μ (c) for a 380 Å thick 2% La 

BSO film deposited on PSO (001) at a rate of 2 Å/min.   
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conditions on more mismatched substrates, with μ300K = 70 cm2V-1s-1 and increasing to 

~105 cm2V-1s-1 at low temperatures.  This finding highlights the possibility of increasing 

mobility by growing fully strained, misfit dislocation free, BSO thin films.  The intriguing 

results of this rate dependence study clearly merit further investigation in future studies.  
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Chapter 5: Conclusions and Future Work 

To conclude this thesis, presented below is a brief summary of our work with an 

emphasis on the key findings.  Also included are some suggestions for relevant future work. 

To begin our research on sputtered BSO thin films, we first needed to synthesize 

bulk BSO as a source material.  In this report, we demonstrated the ability to synthesize, 

via solid state reaction and ceramic powder processing, phase pure stoichiometric 

polycrystalline BSO sputtering targets, with very close to the expected lattice parameter 

for La concentrations up to 2%.  We also investigated the effects of sintering temperature 

on the bulk properties of our BSO targets by sintering pellets at temperatures between 

1350-1550°C.  We found that 1450°C was the optimal sintering temperature for synthesis 

of BSO sputtering targets.  Interestingly, we found an increasing trend in bulk resistivity 

and lattice parameter with increasing sintering temperature.  We attributed these effects to 

an increase in the concentration of cation vacancies, and the possible loss of Sn at high 

temperatures seen in the changing stoichiometry (Sn:Ba ratio) at high sintering 

temperatures.  Although the exact causes for Sn loss at high temperature is unknown, the 

result is noteworthy considering the importance of cation stoichiometry in perovskite 

oxides.  Indeed, a valuable future study would be to probe the effects of cation 

stoichiometry in sputtered BSO films by synthesizing and sputtering from intentionally 

off-stoichiometric BSO targets and comparing the resultant film properties.   

After optimizing our target synthesis procedure, we began DC sputtering 2% La-

doped BSO films.  First we focused on optimizing the deposition temperature.  At 

deposition temperatures above 800°C, our BSO films showed carrier concentrations that 
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closely matched the values expected for 100% ionization of La dopants (for 2% doping).  

We found that the resistivity and mobility improved monotonically with deposition 

temperature for all values of Tdep probed, up to 900°C.  Therefore we determined the 

optimal temperature for sputter deposition of BSO is above 900°C.  As well as establishing 

the obvious need to investigate deposition temperatures above 900°C, this result implicates 

the potential benefits of post-growth thermal annealing as a route to improving the transport 

properties of sputtered BSO films.  We plan to pursue the investigation of post growth-

annealing in the near future. 

Our next systematic experiment was focused on the dependence of our sputtered 

film properties on the epilayer thickness.  A thickness range of 1000-1250 Å was identified 

as the optimum for maximizing mobility.  We also found that the substrate choice had no 

observable effect on the transport properties of our films, regardless of thickness.  This 

surprising finding was interpreted to mean that dislocation scattering, specifically due to 

substrate mismatch, is not the limiting factor for mobility in our films.  We propose that 

ionized impurities, both dopants and point defects, are instead the dominant scattering 

source.  To investigate this finding, we suggest three possibilities for future work.  First, it 

should be verified quantitatively that the dislocation densities in our films did in fact 

depend on the substrate lattice mismatch as expected.  This is important, as the above 

conclusion about ionized impurity limited scattering is partly based on this assumption.   A 

combination of XRD analyses and STEM imaging (particularly in plan view), could be 

used to investigate threading dislocation density, misfit dislocation density, and compare 

the two with expectation.  Second, exploring the use of undoped BSO buffer layers for our 

2% La-doped films could support or discredit the hypothesis of ionized impurity limited 
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scattering.  If ionized impurities are the limiting factor in our sputtered films, then insertion 

of a buffer layer should not significantly improve mobility, regardless of its effect on 

dislocation density.  And finally, by varying the concentration of La in our films (i.e. 

sputtering from our 0.2% and 10% La targets), we could further elucidate the sources of 

scattering by comparison of  the relative impact of ionized impurities (which are dominated 

by the doping level) and dislocations (which may be expected to remain relatively constant 

for similar growth conditions). 

In the final part of this report, we presented our investigation of the effects of 

deposition rate on the structure and properties of sputtered BSO films.  We found there to 

be an increase in residual strain in the films with decreasing deposition rate across all 

substrates.  This effect was amplified for films grown on substrates with lower mismatch, 

particularly PSO: the substrate with the lowest mismatch.  We attributed this phenomenon 

to an increase in the effective critical thickness for misfit dislocation formation.  

Correspondingly, we found a substantial improvement in room temperature mobility for 

the film exhibiting the most strain.  This film, grown on PSO at the lowest deposition rate 

probed, appeared to be only partially relaxed, and displayed a mobility of 70 cm2V-1s-1 with 

a carrier concentration of 2 x 1020 cm-3.  This result presents some attractive opportunities 

for future work.  For example, a repeat of the thickness study for this deposition rate would 

determine if the enhanced mobility is only available at low thickness, or if even higher 

mobilities can be achieved at greater thickness as seen previously.  Another interesting 

experiment would be to further slow the rate to see if fully strained films could be grown 

on the higher mismatched substrates.  
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Overall, the results of this thesis demonstrate high pressure oxygen sputtering as a 

viable approach to produce high mobility BSO thin films.  Although the mobilities found 

in this work fall well short of values reported for single crystal BSO and MBE grown films, 

they are comparable to previously reported results for PLD grown BSO.  Finally, the 

potential for further improvement of mobility in BSO sputtered films is suggested through 

future work, including further optimization of deposition rate, investigation of thermal 

annealing effects, and the introduction of buffer layers.  
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Appendices 

 

A. Calculation of Pseudo-Cubic Lattice Parameter 

Pseudo-cubic lattice parameter is determined for orthorhombic crystal systems 

using the following equation,  

𝑎𝑃𝑠𝑒𝑢𝑑𝑜−𝐶𝑢𝑏𝑖𝑐 = √
𝑎𝑏𝑐

4

3

 

where a, b, and c, are the respective orthorhombic lattice constants.   

 

B. Temperature Dependent Transport Properties for Thickness Study 

 

 

 

 

 

 

 

 

 Figure A1: The temperature dependence of electronic transport properties for 2% La BSO 

films of thickness from 100 – 2000 Å deposited on LaAlO3 substrates.  (a) ρ vs. T, (b) n vs. T, 

and (c) μ vs. T 
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Figure A2: The temperature dependence of electronic transport properties for 2% La BSO 

films of thickness from 100 – 2000 Å deposited on GdScO3 substrates.  (a) ρ vs. T, (b) n 

vs. T, and (c) μ vs. T 

Figure A3: The temperature dependence of electronic transport properties for 2% La BSO 

films of thickness from 100 – 2000 Å deposited on PrScO3 substrates.  (a) ρ vs. T, (b) n vs. 

T, and (c) μ vs. T  

 


