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ABSTRACT "

While modern physics offers accurate descriptions of many material classes such as
conductors and insulators, there are some peculiar subgroups that lie outside complete theoretical
understanding. One such class is that of correlated materials where the coulombic interactions
between electrons are simply too strong to be ignored. These materials have been observed to
exhibit profound properties due to the interplay between the charge, spin, and orbital moment of
their d- and f- electrons. The complex interactions between these electrons are extremely sensitive
to defects, chemical composition, and external stimuli, making it decidedly difficult to
experimentally verify theoretical models and predictions. This problem is further amplified by the
inherent difficulty in synthesizing many of these complex, multicomponent materials which host
intriguing properties arising from a sizeable electron correlation. Even with advances in modern
thin film growth techniques such as molecular beam epitaxy and pulsed laser deposition, high
quality material synthesis remains one of the leading challenges in the field of experimental
correlated materials. In addition, the recent discovery of certain correlated metals as transparent
conducting materials has added a technological desire to expand material solutions beyond the
conventional composition and design space of transparent conductors.

This thesis addresses three open questions in the field of experimental correlated materials
using the perovskite correlated metals StVO; and StNbOs: how can electron correlations be utilized
in room temperature applications, how does disorder and anisotropic scattering influence properties
arising from electron interactions, and how does film orientation affects electronic transport in
correlated metals. The first question is addressed through the experimental verification of STNbO3
as an effective UV transparent conductor which was found to have an optical transmission up to
94% at a wavelength of 280 nm with a resistivity of 2.36x10* Qcm. The second question is then
addressed by investigating the influence of disorder in SrVO; films where a robust Fermi liquid

phase was found to exist at low temperature. The scattering prefactor in the Fermi liquid phase was



v
found to be dependent on anisotropic scattering arising from the Fermi surface geometry in the

ultraclean limit. Finally, the dependence of electronic properties on film orientation was
investigated by growing [111]-oriented SrVO; where significant alterations to the electronic
transport were observed in comparison to [001]-oriented films.

This thesis is structured as follows. First, an introduction to traditional metals, correlated
metals, and electron-electron interactions is presented in Chapter 1. A short review of transparent
conductors in the visible and ultraviolet regions as well as recent developments in the growth of
correlated metals along the polar [111] direction are also included. Chapter 2 provides a review of
the experimental growth techniques and characterization methods used for these correlated
materials. Chapter 3 then delves into the structural, electrical, and optical characterization
techniques used in this thesis. Exploration into room temperature applications for correlated
materials begins in Chapter 4 with the theoretical and experimental investigations of StTNbOs as a
visible and ultraviolet transparent conductor. Chapter 5 expands this investigation by examining
the role of Sr vacancies in sputtered Sr,NbOs films. The effects of material quality and the
entanglement of electron-electron scattering and disorder are then studied in Chapter 6 with SrVOs
grown by hybrid molecular beam epitaxy. Finally, Chapter 7 demonstrates the growth of SrVOs in
the polar [111]-orientation and the subsequent, unexpected effects on the electronic transport.

The work presented here offers insights to both technological advances and fundamental
research of correlated materials. This dissertation offers fertile ground to inspire future
advancements in the fields of experimental correlated metals, transparent conducting materials,

hybrid MBE, and topological materials.
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serve as guides for the eye. Figure reproduced from reference.®!............cocevvvevevevencnnne.

Figure 5-4: (a) Temperature dependent resistivity for sputtered SrxNbOs thin films
compared to PLD grown SrNbO;, reproduced from reference.”' dp/dT* as a
function of temperature demonstrating the resistivity scaling behavior for (b)
sputtered SrxNbOs thin films and (¢) PLD grown SrNbQOs. Inset demonstrates a
similar T %7 scaling at low temperatures for PLD grown films. .............ccccocvvrvererrnnnnn

Figure 5-5: The (a) real and (b) imaginary parts of the complex dielectric function for
SryNbOs with the visible spectra and 280 nm highlighted. Figure reproduced from

TRIETENICE. 28] .ottt ettt e e et et e et e ettt eat e e

Figure 5-6: (a) Refractive index n, (b) extinction coefficient k, (c) absorption coefficient
o, and (d) optical transmission SryNbOs3 films of various thicknesses from the near
IR to the deep UV. The photon energy for light with a wavelength of 280 nm is
highlighted by a vertical purple line. (¢) UV transmission at a wavelength of 280 nm
as a function of sheet resistance of sputtered SrxNbOs3 films compared to the best
values found for 0-Ga,03,% B-Ga,0s,''>?"! ITO,** La doped SrSn03,** SrvOs,
and PLD grown SrNbOs.> The constant figure of merit o/a. lines in units of Q! are
shown as dotted lines. Samples used in the XPS analysis shown in Figure 5-7 are

marked with a star. Figure reproduced from reference.?! .........c.c.ocoovvveveevvevevecceeene,
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Chapter 1: Introduction

The field of materials science and condensed matter in particular hinge on the underlying
fundamental physics that drive material properties. An in-depth understanding of these physical
phenomena and how they can be utilized is an invaluable asset for materials design. Some research
and development fields have remained in a rut of innovation, caught in a material design paradigm
that has little developmental future. To break through this logjam of development, one must be
willing to examine the utilization of a new physical phenomenon or material class. One material
class that offers the potential to bring breakthroughs to multiple fields is that of correlated materials.
Unlike traditional materials where the electron-electron interactions can largely be ignored, strong
correlations and interactions exist between the electrons in correlated materials, whether it be
through their charge, lattice, spin, or orbital degrees of freedom. This plethora of potential electron
interactions enables a nearly boundless array of technologically valuable properties including but
not limited to charge density waves,! spin-orbit coupling,?> unconventional superconductivity,’
topological phenomena,* multiferroics,” colossal magnetoresistance,® and a multitude of other
charge ordered and spin ordered states. Despite great strides taken towards achieving a
comprehensive understanding of these phenomena, much of the physics underpinning these
systems and phenomena is not well established, evidenced by a lack of predictive power to identify
materials in which these exotic phases would emerge.

These strong correlations typically arise in transition metal oxides (TMOs) with d- or f-
configurations but z-electron organic conductors have also been shown to demonstrate strong
correlations.” These strong interactions and their inherent complexities impede the use of traditional
band theory and other complex interpretations such as local density approximation and density

functional theory fail to provide accurate descriptions without additional considerations. In order
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Figure 1-1: The unit cell of the perovskite structure where the A-site is shown in blue, the B-site is shown in
blue and the anions are shown in red. The elements that occupy each site are color coded into the periodic
table. Figure adapted from reference.®

to develop a predictive theory for correlated metals, detailed feedback from accurate experimental
trends must be utilized. Many traditional thin film deposition methods that are widely used for the
study of correlated materials are known to have high defect concentration levels when compared
to films grown by self-regulated techniques such as AMBE which has been shown to produce record
quality materials including SrTiOs° and SrVOs.!” When high defect concentrations are present in a
material, it becomes difficult to deconvolute the intrinsic properties of the correlated material from
those that arise due to defects. In addition, defects can completely obscure inherent material
properties. Our knowledge of the properties of correlated metals is therefore limited in part by the
nontrivial material synthesis. Detailed examinations of the properties that arise in the ultraclean
limit of correlated materials and how they are altered as a function of increased disorder would
provide invaluable datapoints for the development of predictive theories. In addition to the

difficulties with material synthesis and predictive models, the vast properties enabled by electron
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correlation that can be probed with high accuracy using magnetotransport measurements are

typically masked by phonon scattering at room temperature.

While transition metal oxides can arrange in a multitude of crystal structures, many of
which support complex electron correlations, this work focuses on those with the most commonly
studied perovskite structure following the chemical formula 4B0s, shown in Figure 1-1. In this
structure, the B-site cation is surrounded by an octahedra of anions while the 4-site cation has a 12-
fold coordination. The 4- and B- sites can consist of cations covering nearly the entire periodic
table, enabling a considerable number of potential combinations. The simplicity of the perovskite
structure makes theoretical calculations straightforward. This, combined with the extensive
potential material properties, make perovskites among the most intensely studied oxide crystal
structures.

While many open questions exist in the field of correlated metals, this thesis addresses
three open questions:

e How can electron correlations can be utilized in room temperature applications?
o How does disorder influence properties arising from electron interactions?
o How does film orientation affect properties arising from electron interactions?

This chapter will lay the foundation of these open questions by introducing the material
discussed throughout this thesis. First, a basic introduction to the field of electron correlation
physics will be discussed. Following this, the traditional design approach of transparent conductors
will be contrasted by the new paradigm enabled by correlated metals. Transparent conductor figure
of merits will then be compared in order to demonstrate the significant improvements offered by
correlated metals. This improvement will then further be discussed in terms of UV transparent
conductors and their wide application space. Following this, a brief review of [111]-oriented
perovskite oxides will be presented. Finally, this chapter will conclude with some additional

considerations for electron-electron interactions that arise throughout these studies.



1.1 Correlated Materials

In order to contrast the electron interactions that occur in correlated materials, a brief
overview of conventional conductors will be discussed. Resistivity is a second rank tensor property,
present in all materials, that is commonly used to classify materials; materials with low resistivity
are conductors, those with high resistivity are insulators, and those in the intermediate region are
semiconductors. The distinction between these material classes can be described by the relation
between the valance band, conduction band, and the highest filled state at 0 K described by the
Fermi level. In conductors, the Fermi level lies in a partially filled band. In this case, the close
proximity of filled and empty states of the quasi-continuous energy spectrum inside a band allows
electrons to be promoted to a higher energy state by accelerating them in an applied electric field,
resulting in a momentum imbalance and a net electric current. In contrast, insulators and
semiconductors have a gap between the conduction and valance band, which has completely full
or completely empty bands at 0 K. For insulators, this band gap is so large that only a few carriers
can be thermally excited into the conduction band to contribute to the conductivity. Semiconductors
have a much smaller bandgap where at non-zero temperatures, thermal energy can excite sizeable
amounts of carriers into the conduction band. Each of these cases is shown schematically in Figure
1-2(a). Semiconductors are either intrinsic where thermal excitation and deexcitation is in
equilibrium, like silicon, or are extrinsic where doping is required to move the Fermi level to make
it conducting. The ability to change a material from the insulating limit to the conducting limit
simply by changing the carrier concentration of the material has been an invaluable asset in many

modern-day technologies.
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Figure 1-2: (a) Schematic band diagrams of a metal, semiconductor, and insulator with single conduction and
valance bands where blue indicates filled bands and Er and E, are the Fermi energy and band gap
respectively. (b) Schematic of the d-band splitting as on-site Coulomb interactions (U) are turned on. (c)
Evolution of the density of states as a function of U over the bandwidth (W). Adapted from reference.'!

A slightly less explored phenomenon that can similarly affect the motion of the carriers is
the electron correlation strength arising from their coulombic interactions. A significant deviation
from the aforementioned trends occurs with the introduction of nonzero electron correlations. For
example, the binary oxide NiO has a partially filled 3d band and is therefore expected to be a
conductor from traditional band theory; however, a strong Coulomb potential exists between the
3d electrons resulting in their localization and causing NiO to be insulating. This effect was first
observed in 1937'2 yet a thorough theoretical explanation was not developed until 1949.13

Consider a lattice with one electron on each site. An electron with a particular spin can
move to any neighboring site that has an electron of opposite spin according to the Pauli exclusion
principle; however, the probability of this transition is mediated by the repulsive Coulomb potential
between the electrons (U). If U is small, electrons can easily move from site to site, allowing

metallic conduction; however, if U is large the electrons are essentially locked in place even though
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the band is half filled. For the transition metal oxides this only affects the d- or /- bands while the

oxygen p-bands are unaffected as shown schematically in Figure 1-2(b). The evolution of the
density of states in the conduction band is further shown as the ratio of U to the bandwidth W
increases in Figure 1-2(c) where the shape is described by the frequency dependent spectral weight
function A(w) where o, is the real part of the optical conductivity.'* This spectral function is
measurable using angle-resolved photoemission techniques and has been used to study several

correlated systems. !¢

Zme @ / /
Alw) = Wf oy (w") dw Eq. 1.1
0

For U=0, the density of states assumes the typical ellipse shape of a metal. For weakly
correlated materials where U/W is small, the electrons must be considered to be quasiparticles even
though they still behave like free, i.e., non-interacting, electrons. Once a significant correlation
strength is reached, U/W~1, Hubbard bands form alongside the narrowed free electron like
quasiparticle peak as a result of the localized hopping of the electrons. Finally, the spectral weight
is completely transferred from the quasiparticle peak into the Hubbard bands, completely localizing
the electrons and forming a Mott insulator. The quasiparticle mass, m”*, arising from these
interactions is renormalized from the band mass mj by the renormalization constant Zj,

quantifying the correlation strength in a material.

Eq. 1.2

The localization of carriers as correlation strength increases has the same effect as freezing
out carriers in semiconductors by decreasing temperature, causing them to return to the ionized
dopant and form a localized bound state. This similarity allows correlation strength to be used as a
tuning parameter similar to the way carrier concentration is used to access specific technologically
beneficial regimes of semiconductors. While metal to insulator transitions play important roles in

many application spaces such as ultrafast switching, memory, and neuromorphic devices,'”!® this
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significant alteration in correlation strength is not necessary to access unique properties. If the

electron correlation strength is sizeable but not to the point of complete localization, a new regime
of correlated conductors can be achieved, termed correlated metals. The metal-like conductivity of
these materials allows them to be used in the same way doped semiconductors are used in
applications such as transparent conductors, potentially answering the open question of how to
utilize these correlated materials in high temperature applications which will be discussed in the
next section.

While semiconductor functionality is well understood and technologically well established,
we are not so fortunate with electron correlation. A general theory of correlated metals would be
highly beneficial in their design and utilization for specific application spaces. While the elegant
Drude-Sommerfeld model has been shown to accurately describe most material systems, it is
ineffective for the study of correlated electron systems as it does not consider the electrons’
interactions with each other, the underlying lattice, or other quasiparticles. In particular, the long
range, multi-body interactions of the electrons in correlated systems make it difficult to predict and
analyze their electronic properties. Computational methods such as density functional theory (DFT)
and local density approximation (LDA) are widely used as predictive tools for materials design but
since they are based on non-interacting quasiparticles, they fail to accurately predict the properties
of correlated materials without additional considerations. Methods such as the linearized self-
consistent quasiparticle GW approximation and dynamical mean field theory (DMFT) are currently
being developed to describe correlated electron materials and they become especially powerful
when performed in conjunction with the well-developed methods such as DFT. DFT+DMFT

19-21

methods in particular have been successful in describing a multitude of material systems and

have been implemented in numerous software packages.?? As computation calculations are not the
focus of this thesis, the reader is suggested to see the following citations for more in-depth

material.'?3
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Further refinement of these theoretical and computational models requires the predicted

trends and phenomena to be experimentally verified. For many material systems this is challenging
due to the inherent difficulty in synthesizing high-quality materials combined with the sensitivity
of correlation effects to defects, strain, and stoichiometry. Furthermore, on many occasions,
experimental studies on high quality materials reveal novel material properties that have not been
calculated, prompting modifications to the theory. These challenges necessitate the use of high-
quality thin film deposition methods such as hybrid molecular beam epitaxy, which will be further

discussed in Chapter 3.

1.2 Transparent Conductor Design

Transparent conducting oxides (TCO) are some of the most widely utilized materials in
technology today that are hardly acknowledged due to their inherent invisibility. TCOs are used in
every application where the path of photons must cross the path of electrons. This means their
application space extends through nearly every type of flat-panel display, LED, solar cell, and
optoelectronic device. TCOs are even used in unexpected applications such as low-emissivity
windows, electromagnetic shielding for computers and communications, and security circuits in
windows. In principle, TCOs are a material oxymoron since typical conducting materials are
reflective, such as copper, and transparent materials are usually insulating, such as glass. Creative
approaches must be used to circumvent the mutually exclusive properties of conductivity and
transparency. The historically tried and true method has been to take a wide bandgap semiconductor
that is transparent in the spectra of interest and dope it until it becomes conductive. This design
paradigm was unknowingly initiated in 1907 when thermally oxidized, sputtered Cd metal was
found to have a high carrier mobility while remaining optically transparent.?*?> While the current

day usage of CdO is limited due to toxicity concerns, the same basic principle of using oxide
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semiconductors is still widely used today. Minor improvements were realized over the following

decades including the deposition of tin oxide in 1937 and indium oxide in 1953.% In the first half
of the century, the application of these materials was limited to anti-static coatings and heater films
in aircraft windshields,?” but in the 1960’s and 1970’s the applications for transparent conductors
started to take off with the introduction of flat panel displays and the desire to develop low-
emissivity coatings for windows. Since then, tin-doped indium oxide (ITO) has dominated the field
for transparent electrodes in display technology.”® While ITO is widely used due to its superior
optical and electrical properties, the high cost of indium limits the application space.?** Low-
emissivity coatings designed to control the heat and light through windows are typically made up
of cheaper transparent conductors such as fluorine doped tin oxide (SnO,:F).3! Over four billion
square meters of float glass is produced per year.’! If only a small percentage of this contains TCO
coating, it still remains the most widely used application of TCOs. Due to decades of studies, these
materials have been optimized for deposition with nearly any thin film deposition method including
highly scalable methods such as magnetron sputtering, can be deposited on nearly any substrate
including glass and flexible substrates, and can easily patterned using wet-etching techniques
allowing for them to be easily incorporated with devices. While doped semiconductors may seem
like miracle materials, they face some significant drawbacks. Solubility limitations in dopant
concentrations restrict the conductivity through low carrier concentrations. The conductivity is
further reduced by an enhanced ionized impurity scattering from the dopant atoms. This limitation
in conductivity necessitates thicker films to meet sheet resistance requirements which in turn
reduces the achievable optical transmission. In addition, optical transparency ranges are limited to
the visible since they experience significant absorption in the ultraviolet (UV) and reflection in the
infrared (IR).

The decades of study on the traditional approach of doping wide bandgap semiconductors

have nearly ran their course. In order to discover substantial improvements, the field has moved
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towards more complicated structures to incorporate layers of highly conductive materials such as

silver and graphene. These structures include ITO/Ag/ITO,*? SnO»/Ag/Sn0,,* WO3/Ag/WO3,**

Ag/ZnS/Ag,®, MoOs/Graphene® to name a few. In addition, there have been investigations to

37,38 39,40

completely replace doped semiconductors with 2D materials, nanowires, conductive
polymers such as PEDOT,* and the combination of any of the above.*> While some of these
material systems have shown promising results, their increased complexity over single material
TCOs make integration with devices substantially more difficult. The inherent complexities arising
from the multi-material composition also make comparison to the single material transparent
conductors difficult; therefore, the reader is directed to the following reviews for additional reading
on these alternatives.***

To develop a new strategy for the advancement of novel transparent conductors it is first
crucial to outline their ideal optical and electrical properties. First, the optical spectrum of interest
must be defined; typically, this is the visible spectrum. For high transmission in this region, the
reflection edge caused by the free carriers must be pushed into the IR while the optical absorption
due to interband transitions must be moved into the UV. These ideal optical properties are shown
schematically in Figure 1-3(a) for a visible transparent conductor. These parameters must be
carefully adjusted to ensure high optical performance while maintaining a high electrical
conductivity.

The reflection edge is quantified by the reduced plasma frequency, where e is the elemental

charge, n is the carrier concentration, m* is the effective carrier mass and &, and &, are the vacuum

and relative permittivity respectively:
hw, = h(e/\[eoer )\ n/m* Eq. 1.3
For incident light with energy less than hAw,, the electrons in the material can quickly

respond to absorb and reemit the EM wave, preventing its propagation into the material and thus

reducing the transparency. For light with energy exceeding hiw,, the free moving electrons cannot
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respond fast enough to the electric field modulation of the EM wave so light will continue to

propagate and transmit through the material with minimal reduction in intensity. This equation sets
up the general expectation that conducting materials are shiny as their high carrier concentrations
result in a plasma frequency inside the visible range. While at first glance it seems easy to adjust
the free reflection edge, it is difficult to do so while maintaining an effective transparent conductor
as it is directly tied to the electrical conductivity through the carrier concentration:
o =e?’t(n/m") Eq. 1.4

A simple reduction in the carrier concentration results in a square root reduction in the
plasma frequency while the conductivity decreases linearly, offering a nonideal optimization of the
desired properties. The relation between these two properties is shown in Figure 1-3(b) for typical
semiconductor based TCOs I1TO,** Sn0,,4”* and ZnO,*** as well as the elemental metals Au,

Ag, Cu, and Al.3152
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Figure 1-3: (a) Schematic of the optimal optical properties of a visible transparent conductor. (b) Relation
between the electrical conductivity and plasma frequency of typical metals and semiconductor based
transparent conductors highlighting the carrier gap between them. Reproduced from reference.>

Here, traditional TCOs have the desired plasma frequency below the visible range;
however, the reduced carrier concentration that enables this also reduces the conductivity nearly

two orders of magnitude from traditional metals. In addition, increased ionized impurity scattering
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further reduces the maximum achievable conductivity by decreasing the carrier relaxation time 7.

If doping concentrations were increased, this scattering time would be further reduced by At and
conductivity would decrease as shown for Al doped ZnO. While traditional metals do not
experience these issues since ions are electrostatically screened by the mobile charge carriers, their
high carrier concentrations exceeding 5x10% cm™ result in plasma frequencies that lie either inside
the visible or beyond. The high conductivities of metals have driven some studies for their use as
transparent conductors; however, in order to be effectively used as transparent conductors they
must be extremely thin (<10 nm) in which case it is difficult to establish continuous films even
when using wetting layers.>* The extreme differences between these material classes leaves a carrier
gap between ~2x10' to 5x10** cm”, precluding any materials from sitting in the ideal low w,,
high o regime.

While it may appear that this is the limit of optimization, there is a hidden third dimension
in the w, — 0 map enabled by alterations to the electron effective mass through correlation effects.
This additional dimension is shown in Figure 1-4 where the conductivity and plasma frequency are
plotted as a function of the renormalization constant Zj, defined in Eq. 1.2 as the correlation
strength. Following Eq. 1.3 and Eq. 1.4, decreasing Zj, results in a decrease in both w,, and o. This
result can be rationalized through the fact that as correlation strength increases, electrons begin to
couple to electrons in their spatial proximity, effectively slowing their dynamic response in the
crystal, thus limiting the electrical conductivity and decreasing the plasma frequency. While the
correlation strength of a particular material cannot be freely adjusted between 0 and 1, it can be
used to identify materials which would otherwise be ignored for use as transparent conductors. For
example, a material with noninteracting electrons and a carrier concentration of 2.3x10% cm? is
predicted to have a w, of ~5.6 ¢V, making it highly reflective throughout the visible spectrum.
However, if Zj, is allowed to vary, w,, can be reduced below the visible range at the cost of some

conductivity performance. Three such iso-carrier lines are shown in Figure 1-4 for the correlated
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metals: STNbO3,> SrV0s,3 and SrMo0s.>%>7 Each of these materials have conductivities exceeding

that of any traditional TCO, as seen from their projection onto the ¢ — Z, plane, while maintaining
a plasma frequency near or below the visible range as seen from their projection onto the w, — o
plane. In addition to these three materials, other correlated materials are shown including
LaNiO3,%°° SrpRu04,°%%! SrRu03,%%% CaV0s3,>* and CaMo0s.** Note that data for some materials
comes from multiple sources; therefore, this figure is only a guide to how materials behave and

should be updated as more uniform datasets become available.
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Figure 1-4: Schematic for the optimization of the plasma frequency (w,) and conductivity (o) using the carrier
concentration and correlation strength (Z;). Traditional metals (gray) and doped semiconductors (orange) lie
on the Z;=0 plane while correlated metals (blue) exist in the extended dimension.
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The realization of this additional dimension was first utilized by Zhang, et al to circumvent

the conventional design approach of doping wide bandgap semiconductors and use materials with
a high effective mass resulting in a high conductivity while maintaining the reflection edge below
the visible range.> The existence of this dimension enables an entirely new class of materials to be
considered as transparent conductors, creating a new starting point to optimize the design of
transparent conductors.

While this is a revolutionary discovery, it only addresses the reflection edge of the
transparency window; in addition, considerations must be made to reduce or avoid interband
transitions with energies in the visible to ensure an interband absorption edge in the UV. Reducing
absorption in a desired spectrum is significantly more difficult than maintaining a specific reflection
edge, but it can be solved. The contributions to optical absorption will be outlined for the case of
SrVO:s. For this we will only consider interband transitions with energies in the visible spectrum.
In SrVO; there are eight bands involved in interband transitions with energies lower than 3.6 eV,
marking the edge of the visible spectrum. These are the three highest oxygen bands, 2pt, 2p?,
and 2p3, and the conduction bands ej, eg, tzlg, tzzg, and t239 as highlighted in Figure 1-5(a). Each
transition between these bands is an electric dipole transition and must obey the Pauli exclusion
principle. Due to this, the strength of the interactions can vary and therefore must be calculated
using the dipole matrix element. The square of the calculated dipole matrix element (M?) for each
main transition in SrVOs is shown in Figure 1-5(b-f) with the visible range highlighted. If the
occupancy of the transition is the same, the transition is forbidden. These forbidden transitions are
shown as red in Figure 1-5(b-f), while available transitions are shown as blue. Here it can be seen
that almost all transitions that occur in the visible spectrum either have a low dipole matrix element

or are forbidden transitions that do not increase the absorption coefficient.
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Figure 1-5: (a) Band structure of SrVO; with all interband transitions lower than 3.6 eV indicated in addition
to band labels and shape labels for which t;, band is involved in each transition. (b)-(f) The dipole matrix
element, M2, and energy difference, AE, for each specific transition along the Brillouin zone. Red symbols
indicate that the initial and final state of the transition are of the same occupancy so it is repressed and is not
involved in optical absorption. Blue symbols indicate transitions to different occupancy that are involved in
optical absorption. (g) The major contributions to the dielectric function as a function of energy. Figure
reproduced from reference.™
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Through this in-depth examination of the optical absorption in SrVOs;, we can identify the

interband transitions that significantly contribute the optical absorption. From this we can reduce
the dipole matrix elements of all transitions in the visible, suppress transitions through changing
the occupancy of the problematic transitions, or further isolate the conduction bands to move
transitions to energies outside the visible spectrum. Of these, the positioning of the conduction

bands, specifically the t,, bands in this case, is the easiest to utilize. For example, the positioning

of these bands is caused in part by the electronegativity difference between the transition metal
cation and the oxygen anions. Increasing this electronegativity difference results in all transitions

between the oxygen 2p bands and the t,, bands to move apart relative to one another. Perovskite

materials are ideal to realize such changes due to their ability to populate different elements at the
crystal lattice sites. In the case of SrVOs3, the transition metal V would simply have to be substituted
partially or completely to another transition metal with a smaller electronegativity that still
promotes electron correlations such as Nb. This exact case of tuning correlated metals as
transparent conductors will be further highlighted in Chapter 4 where the switch from SrVOs to
SrNbO; was found to shift the absorption edge to higher energies, enabling a highly efficient UV

transparent conductor.

1.3  Transparent Conductor Figure of Merit

The performance of transparent conductors is dependent on how well electrons and photons
are conducted through the material. Therefore, the figure of merit (FOM) must include some terms
that describe the transparency and the conductivity of the material; however, the optimal choice of
these terms is not straightforward. One of the earliest FOM was simply defined to be the ratio of
optical transmission T and sheet resistance R¢.% While this FOM is straightforward to interpret, it

does not strike a good balance between the transmission and sheet resistance as it strongly favors
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materials with a low sheet resistance. If this FOM is maximized for a given material, it yields a

transmission of 37% which is physiologically perceived to be opaque.
Due to this, it was modified by Haacke in 1976 to be more in line with what humans
perceive to be transparent:

TlO

PHaacke = R_s Eq. 1.5

This modification ensures that the highest FOM occurs at 90% transmission which is the
point at which an object physiologically appears transparent; however, the exponent of the optical
transmission can be adjusted according to the requirements of the comparison. An additional,
hidden factor of this FOM is the film thickness that is encompassed in both R and T.

Another commonly used FOM focuses on the intrinsic, bulk properties of the material to
ensure a thickness independent comparison as shown in Eq. 1.6. Here, the FOM is defined simply

as the ratio of the electrical conductivity to the optical absorption.

o 1

¢a/a=a=—m

Eq. 1.6

It should be noted that for most of these comparisons, the transmission is typically taken at
a single wavelength, usually 500 or 555 nm where the human eye is most sensitive,®’ while a
spectral range relevant for the application would provide a better comparison. Figure 1-6
demonstrates the differences between Eq. 1.5 and Eq. 1.6 for a variety of transparent conductors in

the visible spectrum.
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Figure 1-6: Optical transmission of various transparent conducting materials as a function of sheet resistance
with constant FOM lines corresponding to (a) the Haacke FOM (Eq. 1.5) and (b) the 6/a0 FOM (Eq. 1.6). The
location of an ideal transparent conductor for each FOM is marked by a blue star. The effective mass (.)
and renormalization constant (Z;) are indicated by the size and color of the datapoints.

This comparison consists of elemental metals,*'-*>

commonly used doped semiconductors
including ITO,*** Ti0,,*® CdO,* BaSn0s,* Zn0,*-** Sn0,,**® correlated metals including VO,,”
SrV0;,> SrMo0:s,% SrNbO3,3 CaV03,3 chalcogenides including NbSes,”"7? TiS,,>7* TiSe», >’ as
well as MgB.,”” ZrZn,,”® BaFe»As,,” and NizGa.®*8! These images help illustrate the strengths and
limitations of each commonly used figure of merit. The Haacke FOM, shown in Figure 1-6(a),
provides a good balance of optical transmission and sheet resistance; however, the inclusion of film
thickness in the FOM leaves a poor comparison between experimental data which typically have
different thicknesses. For instance, the metals here have a thickness of approximately 10 nm while
the doped semiconductors are on the order of hundreds of nm. The second FOM, ¢/, shown in
Figure 1-6(b), equally weights the intrinsic properties of conductivity and optical absorption. This
creates an awkward weighting of the electrical and optical properties where 4x reduction in in the
optical absorption can simply be compensated by a 4% improvement in conductivity. This leads to

highly conductive but opaque materials such as silver to have the same FOM as transparent but

insulating materials such as CdO. In contrast, this simple intrinsic relationship eliminates the
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contributions of interfacial effects which can be engineered to further improve the optical

transmission.

The limitations of each FOM can be somewhat rectified if the materials are plotted as a
function of their actual optical transmission and sheet resistance as shown in Figure 1-6. In this
case if a specific transmission or sheet resistance is required for an application, the material with

the best FOM can be easily determined.

1.4  Ultraviolet transparent conductors

While the research and development of transparent conductors has been primarily focused
on the visible range, few have considered the enormous untapped potential that exists in the rest of
the electromagnetic spectrum. Here we discuss the significance of developing transparent
conductors in the ultraviolet (UV) region and highlight specific applications throughout the entire
UV spectrum. Finally, we discuss the current options and developmental strategies for UV
transparent conductors with a focus on adjusting the paradigm to correlated metals.

UV light is typically associated with sunlight; however, only about 10% of the
electromagnetic radiation emitted from the sun lies in the UV. In addition, ozone in the atmosphere
greatly absorbs the lower wavelength UV light, preventing the majority from reaching sea level.®
The difference between the solar irradiance and the irradiance that reaches sea level is outlined in
Figure 1-7(a). Ultraviolet light extends from the visible range starting at a wavelength of 400 nm
to highly energetic X-rays at 10 nm. The UV spectrum is subdivided into regions with somewhat
different bounds depending on the discipline involved. These regions with their respective
boundaries relevant to this work are UVA (320-400 nm), UVB (280-320 nm), UVC (100-280 nm),

near UV (300-400 nm), middle UV (200-300 nm), far UV (120-200 nm) and extreme UV (10-

100 nm) as shown in Figure 1-7(b).
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Figure 1-7: (a) Standard solar spectra (black line: ASTM E490)% compared to the solar spectra at sea level
(red line: ASTMG173)% after atmospheric absorption. (b) Diagram outlining the regions of interest for this
thesis in the visible and UV.

As the UV spectrum consists of many distinct regions with vastly different photon energies,
each region has its own separate applications as outlined in Figure 1-8. UVA and UVB light are
commonly associated with acute effects such as sunburns and tanning in addition to chronic effects
such as skin cancer. In contrast, exposure to these wavelengths has a major upside in allowing our
bodies to synthesize vitamin D5 from 7-cehydrocholesterol in our skin.®> UVA and UVB light can
be used in a plethora of applications from both a commercial and an industrial standpoint. For
instance, UV phototherapy is commonly used to treat psoriasis and other dermatology
procedures®>® and photochemotherapy uses a UV light source to activate orally administered
photosensitizer drugs at the location of tumors, preventing adverse effects in other locations in the
body.?” UVB light is also used to regulate the secondary metabolism in plants making it widely
used in horticulture.®® Some types of 3D printing methods including stereo lithography and digital
light processing utilize a UV light source to locally photopolymerize specific areas in a vat of liquid
monomers, oligomers, and photoinitiators.®* Standard tanning beds use UVA and UVB light to

simulate the effects of the sun, although the total intensity of UVA to UVB light is weighted
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differently to negate some of the harmful effects.”” UVA and UVB light is also widely used for

security purposes including high-density optical recording,”! banknote identification, counterfeit

detection, and 1D security devices.”>"
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Figure 1-8: General overview of the application space in the UV.

UV light is most widely known for its disinfection abilities in the UVC range. The
germicidal effect of sunlight was first shown in 1877;%* however, the effect could not be utilized
on a large scale until the development of mercury vapor lamps which were able to apply UV light
with sufficient intensity. The disinfection property of UV light arises from the damage it inflicts on
the nucleic acids in microorganisms such as bacteria, protozoa, viruses, algae, and molds. When
high intensity UV light hits a microorganism, the high energy of the photons severely damages
DNA and RNA, inhibiting their replication and leading to the inactivation of the organism. In
addition, this exposure can form new bonds between neighboring nucleotides, resulting in dimers
which also prevents replication.”” Even though high intensity light is detrimental to

microorganisms, exposure to UV light from the sun has resulted in evolution driven natural
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defenses to repair pathways through photoreactivation;’® therefore, high light intensity is a

necessity to ensure full deactivation and disinfection. Due to the high intensities required for
deactivation and the harmful nature of high energy UV light on the human body, these technologies
are primarily used for disinfecting inanimate objects.

UVC light has long been targeted to assist with the disinfection of drinking water, which
has continuously been an important issue worldwide.”” The World Health Organization estimates
that over 785 million people worldwide lack access to a safe drinking water source and at least two
billion people use a water source that is contaminated by feces.”® While technologies such as
chlorination, advanced filtration, and reverse osmosis exist, they either have significant downsides
or are not applicable on a large scale. Specifically, chlorination has been shown to cause major
adverse health effects ranging from birth defects to cancer.” The key challenge is to provide clean
drinking water to the entire human race; therefore, it is highly desirable to put additional emphasis
on UV disinfection of water to circumvent the downsides of traditional approaches. Further
development of this technology will enable a cheap and environmentally benign solution to
disinfect water on a massive scale. In addition to water disinfection, UV disinfection of air and
surfaces in general has become more widespread in the past year due to studies demonstrating its
effectiveness in deactivating SARS viruses including COVID-19.'%1°! Currently, UV light is being
used to disinfect N95 masks, hospitals, currency, and buses to name a few. UV light has also been
widely used for disinfection in the processing and packaging of food and beverages where it is
highly desirable to replace toxic chemicals.!*

In all of these applications, mercury vapor discharge lamps are used to generate high
intensity UV light. UV lamps are most commonly seen in plant grow lights, tanning beds, and black
lights that are typically used in many aesthetic capacities combined with materials containing
phosphors that absorb and re-emit the light as vibrant visible colors. These lamps work on the

principle that high energy arcs in a low-pressure, inert gas vaporizes and ionizes small amounts of
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mercury into a plasma that produces UV light. Even though they are widely used, they have serious

downsides including toxic byproducts from both manufacturing and disposal, high energy
consumption from the high voltage requirements to induce electric breakdown and ignite a plasma,
as well as throughout operation, bulky form factors, high operating temperatures, and long warm
up times. These lamps also emit a wide spectral range of intensities which makes them ill-suited
for applications that require a high intensity light source at a specific wavelength. Due to these
significant downsides, there is currently a strong desire in the industry to replace these mercury
vapor lamps with UV LEDs which are environmentally friendly, have lower fabrication costs,
lower power consumption, and longer life times. In addition, UV LEDs have low operating
temperatures which is beneficial for applications such as 3D printing, polymerization, and food
processing where excess heat has an adverse effect on the products. UV LEDs also have an
extremely small form factors compared to mercury vapor lamps, allowing them to be easily
integrated into any existing product or process.!®

AlGaN based LEDs are well positioned to replace mercury vapor lamps as the most widely
employed UV light source. AlIGaN is a ternary material with a tunable bandgap ranging from 3.4
to 6.1 eV, allowing it to be optimized for specific optical applications between 200 and 365 nm.'*
While the basic LED structures exist, the external quantum efficiency of UV LEDs is less than
11%, partly due to the low light extraction efficiency (LEE) due to sizeable UV light absorption of
the electrical contact layers.!%>1% While technologically and economically acceptable solutions are
known for LEDs emitting in the visible spectrum, e.g. by using a TCO such as ITO, no suitable
material solution exists for the UV range. TCOs encompassing the traditional design of a
transparent conducting electrode, such as ITO (E; = 3.8 - 4.0 eV)!’” and Al doped ZnO (E;=3.3 -
3.7 €V)!® have much lower band gaps than those required to transmit UV radiation generated by
AlGaN, even when taking into account the Burstein-Moss shift for degenerate doping. These

relatively small band gaps lead to large absorption coefficients exceeding 1.0x10° cm™ in the UV
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range of interest, making them unsuitable for UVB and UVC LEDs.!” Choosing ultra-wide band

gap semiconductors such as a-Ga>Os; (E, = 5.3 eV)''? or B-Ga,0O3 (E; = 4.9 eV)!!! alleviates the
problem of low optical transparency; however, these materials have a significantly higher electrical
resistivity since donor states are further away from the conduction band edge, thus exacerbating
the activation of free carriers. Under optimal doping conditions of 10% Sn, f-Ga,Os was found to
have a carrier concentration of only 3.7x10' ¢m™, while further increase of dopant concentrations
resulted in a significantly reduced crystal quality and increased electrical resistivity.!'? A similar
undesired resistivity increase for large dopant concentrations was observed in a-Ga,O; as well.!'?
In addition, heavily Sn doped B-Ga>Os showed a significant band gap decrease from 5.3 eV down
to 4.12 eV, attributed to a lattice parameter increase to accommodate the larger Sn atom in the
lattice, concomitant with an undesirable shift of the interband absorption edge, making it less
transparent in the UV, 1315

The lack of an effective transparent electrode in the UV has forced UV LEDs to adopt
alternative LED architectures such as the thin film flip-chip architecture in order to spread
current.!!>!1® Further development of high performance UV TCOs would increase the design space
for LEDs, allowing for simple and thus more cost effective LED architectures. Even though there
is currently no reasonable option for a transparent conductor in the UV, the UV LED market was
valued at 348.9 million USD in 2020 and is expected to reach one billion USD by 2026 resulting
in a CAGR 0f 20.1%.""7 Implementation of an effective UV TCO technology could rapidly enhance
the market share of UV LEDs, allowing a pragmatic shift away from mercury vapor lamps to
environmentally benign, low power UV LEDs.

While the traditional TCO design methodology fails to provide suitable candidates for the
UV spectrum, the correlated metal approach remains highly favorable. Unlike for visible
applications, the reflection edge does not need to be pushed into the IR, allowing the utilization of

materials with a lower correlation strength that are not useful in the visible range due to their higher
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reflectivity. In addition, this allows for a higher carrier concentration and electrical conductivity,

permitting higher figure of merits and lower required film thicknesses. The key difficulty in
designing UV TCOs is the onset of interband absorption in the UV, necessitating the identification
of materials with sufficiently isolated conduction bands. This can be done most thoroughly by data
mining publicly available databases with standardized computable formats such as the Materials
Project!!® and using first order descriptors such as a low imaginary part of the dielectric function to
identify potential correlated, UV transparent conductors. Alternatively, crystal chemistry
arguments can be put forward to identify metallic systems with a large energy separation between
the conduction and valance bands. For instance, simply increasing the electronegativity between
the transition metal cation and oxygen anions in a perovskite material would increase the energy
difference between the O 2p and transition metal #,, bands, reducing the absorption in the UV. This
method was applied to the currently well-known visible transparent conductor SrVO; to identify
SrNbO; as a UV transparent conductor and serves as the focus of Chapter 4 where STNbO3 was
found to have an optical transmission up to 90% while maintaining an electrical resistivity

comparable to the leading visible transparent conductor ITO.

1.5 [111]-oriented perovskite thin films

The growth of perovskite oxides has long been focused on [001]-oriented films due to the
low surface energy of the {001} facets and the inherent stability of the growth front. Using thin
film growth methods, the effects of material composition, epitaxial strain, and deposition conditions
are frequency analyzed while the effect of film orientation has been largely ignored. The properties
of thin films often have an orientation dependence, especially if interfaces govern the properties,

allowing the film orientation to be used as a new design knob for material design.
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Traditionally, the growth of perovskite films has been avoided on substrates with [110]-

and [111]-orientations due to the polar surface arising from individually charged layers. Figure 1-9
demonstrates the arrangement and charge of individual layers in a typical perovskite oxide, SrTiOs,
oriented along the [100], [110], and [111] directions. For the standard [100]-orientation it is
comprised of alternating layers of SrO and TiO, which have zero net charge, indicating a low
surface energy. If the crystal is rotated such that [110] is out of plane, the alternating layers become
SrTiO and O, which have a charge of 4+ and 4- respectively, resulting in a polar surface. Similarly,

[111]-oriented SrTiO; has alternating layers of Ti and SrOsz with a charge of 4+ and 4- respectively.
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Figure 1-9: Arrangement and effective charge of the individual layers in (a) [100]-, (b) [110]-, and (c) [111]-
oriented SrTiOs.

The polar stacking sequence in the higher index orientations gives rise to the emergence of
electric dipoles detrimentally affecting the growth, potentially driving the formation of unexpected
phases, undesired [001]-orientations, and unwanted exposed facets as the film attempts to minimize
its surface energy.!''?* Typically these unfavorable conditions along these high energy directions
trigger film growth to proceed in island growth mode as the film attempts to grow along a lower
energy facet, resulting in rough or completely disjoined films.

The ability to synthesize thin films along different orientations opens a new avenue for
strain engineering both single films and superlattices as biaxial strain will distort the crystal along
a different plane giving rise to distorted Fermi surfaces, potentially giving rise to alternate

electronic transport. In addition, the [111]-oriented surface in particular offers exciting
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opportunities as its surface structure resembles a buckled honeycomb lattice similar to 2D systems,

potentially enabling novel topological properties. Numerous theoretical calculations have been
performed predicting the modified properties of many perovskite systems grown in the [111]-

123,124 Dirac semimetal

orientation including nontrivial band topologies,'?!"'** ferroelectricity,
phases,'® spin-nematic phases,'?' the quantum spin Hall effect,'?*!?” and the quantum anomalous
Hall effect.!28-13!

Although a plethora of exotic phenomena have been predicted to exist in [111]-oriented
perovskite layers, few have been experimentally realized due to the inherent difficulties in
synthesizing high quality [111]-oriented perovskite films and superlattices. One successful study
was the growth of [111]-oriented NdNiOs and LaNiO; thin films which were shown to exhibit the
coexistence of polar displacements and reasonable conductivity.'** Additionally, StRuOs thin films
grown on [001]-, [110]-, and [111]-SrTiOs substrates were found to exhibit higher saturation
magnetization in the [110]- and [111]-oriented films.'** It should be noted that the [111] films in
this study had a non-uniform surface morphology with high film surface roughness values up to
4 nm, which likely resulted in an unreasonable comparison to the [001] films with a step terrace
structure.

Typically, high energy growth techniques operating far from thermodynamic equilibrium
have been utilized to overcome the effects of the high energy [111] surface, such as pulsed laser
deposition (PLD) which has been used for the growth of SrRuO;,**13¢ SrFeOs,!’
Lao.7SrosMn0Os,3¥ AlFeOs,'* NdNiOs,'* SrIrOs,'*! LaFeOs,'*? BaTiOs,'*? LaAlO;,'* PbTiOs,'*
and BagosLag0sSnOs'* or such as sputtering for the growth of SrTiO;,!!'!4 NdNiOs,'*” and
GdMnOs.'*® Even though these are highly energetic techniques, they do not provide direct and easy
compositional control and therefore do not guarantee high quality, atomically smooth films. In

addition to these growth techniques, many studies have claimed that the effects of the polar

interface can be avoided by metallic screening of the surface charges. This can most easily be
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observed in the case of using conducting [111]-oriented SrRuOj3 as a buffer layer material. BiFeOs

has been shown to immediately adopt a 3D growth mode when deposited on insulating SrTiOs;
however, when deposited using a conducting SrRuQs buffer layer it formed an atomically smooth
film.'* An identical transition in growth modes was also observed for SrFeOs grown on a SrRuOs
buffer layer.'”” Studies on the growth of SrRuO; on SrTiO; identified that it did not immediately
assume a smooth growth mode.!**!3% Instead, it initially adopted an island growth which eventually
coalesced into a 2D atomically smooth surface at around 10 nm. This 2D growth mode was found
to eventually relax back into a 3D island growth at thicknesses exceeding SOnm, likely due to film
exceeding the critical thickness. The boundaries of each mode were found to be altered by the
growth temperature and deposition rate.!* This initial 3D growth mode likely arose due to a critical
surface coverage to successfully screen the polar interface. Others studies have reported films as
thin as 2.3 nm but have not reported on the surface morphology to confirm the coherency of the
film.!3® These studies demonstrate that a high electrical conductivity of the deposited material does
not guarantee an atomically smooth surface and that other considerations must be made to ensure
high quality film growth.

In addition to phase pure films, superlattices have been proposed to further demonstrate
unique properties arising from the unusual interactions between layers. For instance, the buckled
honeycomb interfaces of [111]-oriented superlattices result in the interfacial B-site cations to be
equidistant to 3 B-site cations of the same species and 3 B-site cations of the next layer as opposed
to 1 and 5 for [001]-oriented superlattices respectively, increasing the interaction between the B-
sites of different layers. In addition, the buckled honeycomb interface in bilayer structures is similar
to that of 2D materials such as graphene, giving rise to Dirac points in the band structure. These
effects make [111]-oriented heterostructures an ideal platform for designing topologically
nontrivial states such as Chern insulators'>® or to realize effects such as the quantum spin Hall effect

and the quantum anomalous Hall effect.!26:12-130
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To realize such properties, atomically smooth and abrupt interfaces are required,

necessitating a mastery of high-quality synthesis which has yet to be accomplished for many of the
essential material systems. One example experimental study was the growth of
Lag 7Sro.3sMnOs/SrRuOs superlattices which were observed to exhibit the magnetocaloric effect.'!
Another study utilized strain engineering on [111]-oriented paramagnetic LaNiOs/ferromagnetic
LaMnOs; superlattices where an exchange bias emerged as a function of the layer thickness,
inducing magnetism in the paramagnetic LaNiOs layers.'*?> Some other successfully synthesized
superlattices include BiFeO3/BiCr0s,'3 LaAlOs/LaNiOs,">* LaCoO3/SrTi0s,'>?
LaNiOs/CaMnQs3,'¢ and BiFeOs/LaFe0s."%’

Further development of [111]-oriented perovskite growth will be discussed in Chapter 7
with the successful growth of [111]-oriented SrVOs using the self-regulated growth mode enabled
by AMBE. These films were found to have a higher residual resistivity ratio than [001]-oriented
films grown by any other method, allowing the observation of pronounced nonlinearities in the
transverse Hall resistance at low temperatures. Detailed studies such as this provide invaluable

resources for the future development of novel films and superlattice structures.

1.6 Additional considerations for electron interactions

A full discussion of the individual interactions of electrons in correlated materials, while
useful, would far exceed the space limitations of this thesis; therefore, only a brief discussion of
the most relevant considerations is made here. A brief introduction to classical electronic transport
leading into Fermi liquid theory is covered followed by a discussion on electron-electron scattering.

This section then concludes with a discussion of other electron scattering phenomena.



1.6.1 Landau Fermi liquid theory ¥
Here the basic concepts of Fermi liquid theory are summarized and discussed in a sufficient
capacity to lay the foundation for the interpretation of the experimental data presented in Chapter
6 and Chapter 7. Further details and derivations can be found in the following references.'*®!%
The conventional theoretical framework to describe electronic transport in simple materials
follows the semiclassical Drude-Sommerfeld approach. Here, electrons are assumed to be non-
interacting and to follow the Pauli exclusion principle. This restriction in energy states is accounted
for by the Fermi-Dirac distribution.'®® The energy of the highest energy electron at zero temperature

can then be expressed by the Fermi energy E as shown in Eq. 1.7 where £ is the reduced Planck’s

constant, m is the mass of the electrons, and n is the carrier concentration.

2

h
Ep=o— (3m?n)?/3 Eq. 1.7

The velocity of electrons is described by the Fermi velocity vr as shown in Eq. 1.8 where

kg is the Fermi wavevector.'®
Vp = |— Eq 1.8

In an applied electric field, the noninteracting free electrons are accelerated until they
collide with scattering sites that are deviations from an ideal periodic potential. The collisions offer
a relaxation mechanism for the electrons to dissipate momentum such that a quasi-equilibrium state
is achieved in which momentum gain by acceleration and momentum loss by scattering are
balanced. The type of deviation resulting in the collision does not matter, it could a phonon,
impurity, or defect. What matters is that these collisions occur after a relaxation time, t, where the
distance between successive collisions for carriers traveling at velocity v is the mean free path or

scattering length, [. These collisions then give rise to the electrical resistivity following Eq. 1.9.'¢!
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Eq. 1.9

Surprisingly, this simple approximation is sufficient for most applications even though it
does not consider the coulombic interactions between electrons. In some material systems, the
coulombic interactions between the electrons are significant and it must therefore be considered as
an interacting many-body system. In 1956 Lev Landau developed a theory on interacting Fermi
systems to explain the properties of He** which has since been a cornerstone in modern physics
and has been widely used to explain the low temperature behavior of electrons in metals and many
correlated systems.!*®192 Starting with a non-interacting Fermi gas, the ground state’s energy levels
are occupied to the Fermi energy with the occupation obeying the Pauli exclusion principle. All
states above Ep are unoccupied and the boundary between the occupied and unoccupied states
forms the Fermi surface in momentum space. For this non-interacting Fermi gas, the Fermi surface
is considered to be spherical in three dimensions and circular in two dimensions. As electron
interactions are adiabatically turned on, the eigenstates of the non-interacting system must evolve
continuously and smoothly into the eigenstates of the real, interacting system, designated a Fermi
liquid. The endpoints of this transition are shown schematically in Figure 1-10 along with the
occupation distribution.

(@) empty

/without interactions
with interactions

occupied

1
1
|-

"'kBT

e occupied state
o unoccupied state

Figure 1-10: Cross section of a Fermi surface in (a) a non-interacting system and (b) an interacting system
where states in the narrow region with width contribute to electron-electron interactions. This distribution is
further shown as the density of states in (c) where the discontinuity Z occurs at the Fermi wavevector kr.
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Since these excitations consist of their own energy plus that of their interactions with all

other fermions, they are considered to be quasiparticles. If such quasiparticles accounting for the
electron-electron interaction are present, their scattering interactions in a three-dimensional system
approximated by a spherical Fermi surface at a finite temperature can be determined using
straightforward energy and momentum conservation arguments.'®3

Consider the projection of the Fermi surface shown in Figure 1-10(b) where there exists a
thermal layer at the edge of the Fermi surface with width ~kgT. Take two electrons in the initial
states K; and K, that scatter into the final states K3 and K, respectively where each state lies in the
thermal layer. Each electron experiences a change in energy of E(K3) — E(K;) and E(K,) — E(K3)
respectively where the conservation of energy requires that: E(K;) + E(K;) = E(K3) + E(K,)
and the conservation of quasimomentum requires that: K; + K, = K3 + Kj.

The scattering rate of any particular electron, for example in K;, can be presented as a
summation over all potential scattering partners where the probability for electrons in occupied

states K; and K, to scatter into empty states K5 and K, respectively while obeying the conservation

laws is given by P(K;, K;, K3, K,).

Teo (Kp) = z P(K1, K5, K3, Ka) Eq. 1.10
K3,K3,Kq

In three dimensions, K; is fixed so there are nine variables due to the summations over
K,, K5 and K,. The conservation of quasimomentum and energy can then be used to reduce this to
five independent variables. The conservation of quasimomentum K; is fixed which fixes E(K;)

resulting in two independent energies since one additional energy must be fixed.

Te_el(Kl) = z P(Q;E(KZ)JE(KQ) Eq 1.11
q.E(K3),E(K3)

This restriction causes the number of states available for scattering with energies E (K,)

and E (K3) to be proportional to kgT /Ef for each independent energy variable since each electron
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must be located in the thermal shell of the Fermi surface. Therefore, for three dimensions 7,,} o

T2. This result then gives rise to p o« T2 when combined with Eq. 1.9, a key experimental

descriptor for Fermi liquids.

1.6.2 Electron-electron scattering

While it has been shown that electron-electron scattering results in a 7° dependent
resistivity, electron-electron scattering can further be classified into three distinct groups: normal
electron-electron scattering (NEES), Umklapp scattering, and Baber scattering. Each of these
events contribute to the resistivity with a different magnitude given by the scattering prefactor Ac..
NEES events are collisions in which momentum is conserved and therefore do not relax momentum
or contribute to the resistivity. Umklapp scattering events occur when the scattered wave vectors
lie outside the first Brillouin zone, necessitating their translation back inside resulting in a transfer
of momentum to the lattice. These events typically occur if the carrier concentration and Fermi
surface are large enough such that the Fermi wave vector is at least 1/4" the width of the Brillouin
zone. Finally, Baber scattering occurs when electrons of different masses interact, allowing lighter
electrons to conduct current while the heavy electrons act as a sink.'** Scattering between these two
‘reservoirs’ results in a momentum transfer even if it would normally be a NEES event. This type
of scattering more generally occurs due to anisotropic scattering due to hot and cold Fermi surface
pockets.

The identification of multiple momentum relaxation mechanisms associated with electron-
electron scattering makes it difficult to provide a specific quantitative expression for the prefactor
Ac.. Commonly, a dimensional analysis argument is put forward to determine the material specific

contributions to the prefactor Ac. Following p = A,,T?, Ac must have units of [VmA™1K~2].
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Assuming that the electron scattering occurs on a length scale (l,.) and are quantized by the

quantum conductance (G,) we arrive at Eq. 1.12.1%

1 (kg
Aee = G—O(E—F> lee Eq. 1.12

The characteristic e-e length scale can alternatively be expressed by the scattering cross
section as kpo.. This scattering cross section is simply a measure of probability that electron-

electron scattering will take place.
—) kpo,s Eq. 1.13

Making the reasonable approximation that the Fermi surface is spherical such that kp =
(3m?n)/3 and E = h?k2/2m where m is the electron mass, the dependence of A can be shown
to only be dependent on the scattering cross section and the carrier concentration.

_4AmPk o
¢ 3m2ha%Gy n

Eq. 1.14
This expression for Ace closely follows Baber’s original derivation of the temperature
dependent resistivity shown in Eq. 1.15 as the scattering cross section encompasses the band and
mass information of the interacting electrons. This resistivity dependence on the electron scattering
arising from carrier channels with different carrier masses was found to follow Eq. 1.15 where it
was dependent on the carrier concentration n, the electron mass m, the width of the s-band &, and

the function H which depends on the ratio of electron masses 3, and the screening constant g. '

7Tzezmz(kT)ZH( ) Eq. 115
tonns (g ) HB.a =

p =
A similar expression for Ac. has been derived for polaron mediated electron-electron
scattering in SrTiO; where the same dependencies were revealed.!®® The similarities to these

specific scattering prefactors indicate that the result from the dimensional analysis argument is a

reasonable approximation for the total prefactor from all momentum relaxation mechanisms.
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1.6.3 Additional electron scattering events in metals
Basic interpretations of experimental transport measurements can be made through the
determination of the resistivity scaling factors. The electrical resistivity is related to the intrinsic
material properties as shown in Eq. 1.9. While there are some cases where the effective mass and
carrier concentration are temperature dependent, they are not related to electron scattering events;
therefore, the discussion here is limited to the effects of scattering on the carrier relaxation time, 7.
For this discussion we consider electrons in the classical sense where they are free to move
within the metal with a velocity equal to the Fermi velocity. As the electrons move, they scatter
from deviations from a perfect crystal whether it be the thermal lattice vibrations (phonons), point
defects such as impurities and vacancies, or extended structural defects such as grain boundaries,
threading dislocations, and stacking faults. Each type of deviation is associated with a unique
scattering cross section giving rise to individual relaxation times. For sequential noninteracting
scattering processes where energy is conserved, these individual processes can be combined using
the inverse sum rule known as Matthiessen’s rule as shown in Eq. 1.16. This straightforward
relation allows each contribution to be considered individually and summed for the total effect to

the relaxation time, and therefore the resistivity.

1 1 1 1 1

- - = + + +..... Eq.l'l6

Ttotal : T; Tphonons Tdefects Tgrain boundaries

Crystalline defects such as impurities, vacancies, and grain boundaries that have
temperature independent scattering cross sections make up the residual resistivity at the lowest
possible temperature, p,, which can be used as a material quality metric in the form of the residual
resistivity ratio RRR = p3o0x/Po, Where psgox is the resistivity measured at room temperature.

Conversely, electron-phonon scattering is highly temperature dependent and is the
dominant scattering mechanism at most temperatures. Phonons are lattice vibrations that are

quantized by the boundary conditions of the crystalline lattice. In a 3D crystal with N atoms, the
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three spatial directions impose 3N discrete phonon modes, each with an energy of Aw. As

temperature increases, these modes become populated resulting in larger amplitude oscillations in
the crystal. The maximum angular frequency of the normal modes occurs at the Debye temperature,

©p, described by Eq. 1.17 where vy is the speed of sound and V is the volume of the crystal.'®’
0, = s (6 ZN)1/3 Eq. 1.17
D — kB Y % q. L.

At temperatures above 0p, all normal modes are populated. The temperature dependence

of phonon scattering to the resistivity is described by the Bloch-Griineisen model given in Eq. 1.18

where B is a material dependent constant.'®®

TN\5 [©p/T £5
p(T):B(E) fo (et—1)(1—e—t)dt Egq. 1.18

Here it can be perceived that at temperatures T << ©p, where only the low energy phonon
modes are being populated, the integral goes to zero resulting in a T° temperature dependence.
Around the Debye temperature this dependence begins to transition to that of temperatures T >
0p where the resistivity dependence is proportional to T. As phonon modes become populated,
they rapidly increase the number of electron-phonon collisions. Once all modes are populated, the
scattering only increases linearly with temperature.

Far below the Debye temperature where few phonon modes are populated and their
contribution to the resistivity is minimal, many exotic scaling behaviors can be observed. For
instance, magnons in ferromagnetic materials can give rise to a T2 or a T/? dependence, where
the exponent depends on the exchange mechanism.'**!7 This low temperature region is also home
to localization effects arising from specific defects such as Anderson localization and the Kondo
effect. Anderson localization arises from significant levels of disorder which sets up energy barriers
preventing the movement of electrons. These barriers force the electrons to hop to sites where the

initial and final energies are close, resulting in resistivity scaling of T/2 to T/# depending on the
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geometry of the sample and the types of defects.!”! The Kondo effect arises from electrons

scattering off magnetic impurities, diverging the resistivity as temperature reaches 0 K.

As a general guideline, the previously discussed temperature scaling relations of resistivity
in addition to some uncommon relations are summarized in Table 1-1. Note that care must be taken
when applying these scaling dependences to a real system since multiple effects can take place at
the same temperature. For example, a temperature dependent resistivity following p(T) = AT? +

BT? could appear to have T3 or T* scaling for a finite temperature region.

Table 1-1: Temperature dependent resistivity scaling for various scattering events, theoretical models, and
reasonably unexplained experimental observations. Here, Op is the Debye temperature which typically
ranges between 200-600 K and 77 is the Fermi temperature which is typically a few eV.

Scattering event/model/system Temperature dependence ~ ~Temperature Range
Kondo Effect Log(T) T K 0p
Anderson localization T2 _T1/% T K 0p
Electron-phonon (fully populated) T T > 0p
Itinerant-electron ferromagnetism!” T2 T K Tg
Marginal Fermi-liquid model'” T3 T K Tp
Electron-electron T? T K 0p
Electron-magnon'®’ T? T < 0p
Electron-phonon (Bloch-Wilson limit)!"™ T3 T K 0p
Electron-two magnon'”® T9/2 T < 0)p
Electron-phonon (populating modes) TS T K 0p

1.7  Scope of this work

This work focuses on three areas of development for correlated metals: pushing correlated
transparent conductors into the UV with StNbOs, investigating the interplay between disorder and
the electrical properties of SrVOs, and examining the effect of film orientation with [111]-oriented

SrVOs. The materials discussed in this thesis, SrVO; and SrNbO3;, were grown using ZMBE and
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sputtering respectively which are introduced in Chapter 2. Chapter 3 then provides an overview of

the structural, electrical, and optical characterization techniques used throughout this thesis.

In Chapter 4, the ability to shift transparent conducting correlated metals into the UV is
demonstrated using STNbO3; which is shown to have a transmission up to 90% at a wavelength of
280 nm while maintaining resistivities comparable to the leading visible transparent conductor
ITO. Chapter 5 goes on to demonstrate the successful transition to depositing StNbO; using RF-
sputtering as well as discuss the utilization of large Sr deficiencies as an additional tuning parameter
for the transmission window. In Chapter 6, the wide range of crystalline quality enabled by AMBE
is utilized to examine the dependence of the electronic transport of SrVOs; on temperature and
disorder. In this work, a robust Fermi liquid is shown to exist at low temperatures where the
scattering prefactor is altered due to anisotropic scattering of the Fermi surface. Finally, the growth
of SrVOs; thin films is demonstrated along the thermodynamically unfavorable, polar [111]-
orientation using AMBE in Chapter 7. This simple alteration in film orientation was found to result
in pronounced nonlinearities in the transverse Hall coefficient when compared to traditional [001]-

oriented films.



Chapter 2: Growth of correlated oxide materials

In order to experimentally obtain fundamental insight into the intrinsic physics of
correlated materials it is vital to synthesize high quality materials that are free from defects giving
rise to extrinsic scattering sites, potentially obscuring the true physical phenomena from the
material. In this thesis, this is accomplished through the growth of epitaxial thin films using hybrid
molecular beam epitaxy (#MBE), a technique which offers superior growth kinetics over other,
more conventional techniques, enabling a significant decrease in the unintentional defect
concentration. The growth of thin films is a complex non-equilibrium kinetic process, requiring a
thorough understanding of a wide variety of processes and techniques. In this chapter we will
discuss the basic growth processes including absorption, nucleation, and growth. First, the kinetic
processes that take place during growth will be discussed, then the types of thin films growth modes
and defect types will be highlighted. The most commonly used thin film growth methods for
correlated oxide materials will then be discussed with a focus on with RF sputtering and AMBE.
Finally, this chapter will conclude with an overview of the deposition chambers and methods used

in this thesis.

2.1 Growth processes

Achieving the delicate balance of the growth conditions in order to meet the simultaneous
requirements of stoichiometry, crystallinity, epitaxy, and uniformity is a key challenge in the
synthesis of thin films. To meet these criteria, a thorough understanding of the growth and kinetics
in thin film growth processes is necessary. Each of these processes can be influenced in numerous

ways, opening new routes for the optimization of film quality and their desired material properties.
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To get an idea of the inherent tunability of thin film growth, the basic thermodynamic, kinetic, and

growth processes are discussed in the following subchapters. For more detailed descriptions of

these processes, the reader is suggested to see Zangwill (1988)!7> and Oura, et al (2003).!7¢

2.1.1 Physical and chemical adsorption

A crucial step to film growth is the accumulation of atoms at the growth surface. As
molecules from the vapor phase are incident on the growth front and get within a few atomic
distances, they experience an attractive force from the surface atoms. The interaction energy
between the substrate surface and an incident particle can be modeled using the Lennard-Jones
potential where 7 is the distance between the atom and the surface, ¢ is the potential well depth, and

o is the distance where the potential between the substrate surface and the incident particle is zero.

-O] Eq. 2.

Incident atoms with sufficiently low energy will be captured in the energy potential well

12

V(r) = 4¢ [(g)

and adsorb into the film through physical adsorption (physisorption). This potential well is shown
for the physisorption process in Figure 2-1(a). Physisorbed atoms remain mobile on growth front
and are able to laterally move on the surface, hopping between surface sites. These ad-atoms are
able to diffuse along the surface, colliding with surface features and each other. If a physisorbed
atom gains enough thermal energy it can either desorb from the surface or undergo a further
interaction called chemical adsorption (chemisorption) by hoping into the lower potential well as
shown in Figure 2-1(b). Chemisorption involves the formation of a chemical bond of the deposited
material to the substrate and is therefore a much stronger interaction than physisorption. This
chemisorption process typically occurs near step edges on the growth surface that act as nucleation
sites. Since some of the physisorbed adatoms desorb from the surface, the sticking coefficient,

defined as ratio of the arriving chemical species remaining on the growth front to the total amount
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of chemical species provided, is smaller than unity. The value of the sticking coefficient is not only

dependent on the species provided, but also on the growth temperature and the rate at which the
material is deposited since extremely high growth rates result in material being buried before it is

able to desorb. These growth processes are shown schematically in Figure 2-1(c).
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Figure 2-1: (a) Schematic of the potential energy for physical adsorption demonstrating the conditions for
thermalization for thermal desorption of atoms at the growth front. (b) Schematic of the potential energy for
chemical adsorption. (c¢) Schematic demonstrating the surface process that occur at the growth front.

2.1.2 Thin film growth modes

Once the adsorbed species accumulate on the growth front and form a film, the individual
atoms can assemble into different compositions and polymorphs depending on the energetics at the
growth front and the stoichiometry of the absorbed species, resulting in either a single phase or
multiphase film. Factors such as epitaxial strain are typically utilized to energetically stabilize a
specific phase where the structure and lattice parameter of the substrate and film are somewhat
matched, leading to a film that is well-oriented with respect to the substrate. The atoms can further
arrange in an ordered fashion with a single orientation, referred to as single crystalline film, in an
ordered fashion but different orientation — a polycrystalline film, or an amorphous film in which

the adsorbed species lack any long-range order, as shown in Figure 2-2.
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For thin films where the desired outcome is to study the intrinsic properties of the film,

single phase, single crystalline films are targeted as the crystal structure is uniform across the entire
film, there are few defects, and there are no grain boundaries to convolute property measurements.
To achieve a single crystal film, the growth temperature needs to be high enough to maximize
surface mobility yet low enough to prevent thermal desorption. The growth rate must also be slow
enough to allow the deposited material to diffuse to a stable position before it becomes buried by
the next layer of material. For most MBE applications this rate is around 1 nm/min. In addition, for
many material systems, this requires the use of epitaxial growth where a lattice matched single
crystal substrate is used to provide a template for the film to form and orient itself. The substrate
should also be atomically smooth and clean of any defects to prevent their transfer to the film.

(a) single crystalline (b) polycrystalline (c) amorphous

substrate substrate substrate

Figure 2-2: Types of arrangements of material assuming a single phase deposited on a substrate. (a) Films
comprised of atoms arranged coherently in a periodic lattice are referred to as a single crystal. (b) Films made
up of domains of coherently arranged atoms that have different orientations are referred to as polycrystalline.
(c) Films with atoms arranged completely randomly with no coherency are amorphous.

In contrast to a single crystalline film, a polycrystalline film has domains of different
crystalline orientations. This typically occurs when the growth temperature is not high enough to
fully crystalize the deposited material or when the film is grown on a substrate that does not have
the same symmetry. For example, if a film with 4-fold symmetry such as StNbOs is grown on a
substrate with 6-fold symmetry such as GaN with significantly different lattice parameters (See
section 5.3), the film will have multiple, energetically equivalent ways to orient on the substrate

and therefore form twin domains. A similar effect can arise if the film and substrate have the same
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symmetry but have significantly different lattice parameters. For example, if a SrVOs film

(a=3.842A)'77 was grown on MgO substrate (a=4.211A),'”® even though they share the similar
cubic symmetry, they have a lattice mismatch of over 8% which could result in an ordered film
with domains or simply a relaxed film.

Finally, if the randomness is at the atomic level where there is no long-range order
established whatsoever, the film is amorphous. This most commonly occurs if the film is grown at
a temperature significantly below its crystallization temperature. In this case, there is not enough
thermal energy for the deposited material to move and locate an energetically preferred position
before being buried by additional incident material. Deposition at room temperature typically
satisfies this requirement; however, some materials such as transition metals require deposition at

cryogenic temperatures to be amorphous.'”
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Figure 2-3: Schematics of the growth modes determined by the wetting characteristics and surface energies
of the film, substrate, and vacuum. (a) When yy, is smaller than y,, + 5, the deposited material will ball up
on the substrate, leading to Volmer-Weber growth. (b) When y,, is larger than yy+ y, the deposited material
will wet on the substrate. Schematic representations of (c¢) the Volmer-Weber growth mode, (d) layer-by-
layer growth, (e) the Stranski-Krastanov growth mode, and (f) step flow growth.
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Once the conditions have been met to accumulate material on the growth surface, the

growth process can proceed in several different manners, governed largely by the surface or
interfacial energies between the substrate, film, and vacuum in addition to the substrate temperature

and lattice mismatch. The three interfaces to consider are between the substrate and film (y f)’
between the substrate and vacuum (¥s,), and between the film and vacuum (yy,,). Assuming the

particles deposited on the surface are spherical, the contact angle can be expressed using Young’s
equation:!”
Ysv = Yfv T ¥spcos(6) Eq.2.2
For 3D island growth, 8 > 0 resulting in the following interfacial energy condition:
Ysv < VYrv t Vst Eq.2.3
In this case the surface tension of the film exceeds that of the substrate; therefore, the film
wants to minimize its contact with the substrate. Incoming ad-atoms will prefer to be on top of
existing atoms instead of the substrate, effectively balling up on the substrate as shown
schematically in Figure 2-3(a). As film deposition continues it will adopt the Volmer-Weber growth
mode or island growth mode as shown in Figure 2-3(c).
For the opposite case where the substrate has the highest surface energy, incoming ad-
atoms will prefer to be in contact with the substrate, wetting the film on the surface since 8 = 0,
corresponding to:
Ysv 2 Vrv T Vst Eq. 2.4
In addition to the interfacial energies, the structural differences between the film and
substrate play a role in the film growth. For epitaxial growth, the crystal symmetry of the substrate
surface must be compatible with the symmetry of the desired film. Following this, the film lattice

parameter (ay) and substrate lattice parameter (as) must be considered. If the film lattice parameter

is larger than that of the substrate, the film will need be compressively strained to grow epitaxially.



45
If the film lattice parameter is smaller it will need to be stretched or tensile strained to grow

epitaxially. This strain is quantified by the lattice mismatch:
f=—7 Eq.2.5

For homoepitaxial growth, where the grown film is identical to the substrate, there is no
lattice mismatch and the interface essentially vanishes. In this case, or for heteroepitaxial growth
where the lattice mismatch between the film and substrate is small (f = 0.8%), the growth proceeds
as layer-by-layer growth, also known as Frank-van der Merve growth as shown in Figure 2-3(d)
and a smooth film will form. If the lattice mismatch is too large, the film lattice attempts to adjust
to the substrate at the expense of elastic deformation. The first few layers may be able to adopt a
layer-by-layer growth but the growth front will eventually exceed the range of the adhesion forces,
thus relaxing the strain and causing the film to adopt an island growth mode as shown schematically
in Figure 2-3(e).

The final case discussed here is step-flow growth that occurs under the same surface energy
conditions as layer-by-layer growth. In order to achieve step-flow growth, the substrate must be
slightly miscut by a few degrees to provide well-oriented terraces or steps of monatomic height. As
long as the terrace widths are shorter than the mean diffusion lengths of the ad-atoms, the deposited
ad-atoms will diffuse to these step edges as they are the most energetically favorable site to bond,

resulting in a smooth film mimicking the terraces from the substrate.

2.1.3 Defects in thin films

Defects in a crystalline material play a significant role in both the formation of thin films
and their resulting properties. While defects are usually thought to be undesired, the presence of
specific defects can enable or improve certain properties. For example, the dopant atoms in

semiconductors are defects intentionally added to control the electrical conductivity.'®" In addition,



46
point defects can add new electronic states to the material that affect the optical properties. Defects

typically add additional optical transitions beyond those of the intrinsic material, thus increasing
the optical absorption; however, these additional transitions may be in competition with those
arising from the intrinsic material and thus improve the optical transmission in a specific region.
For example, if the additional optical transitions from defects dominate the optical response in a
spectral range that is of no interest (e.g., the IR), which then weakens the intrinsic transitions in the
spectral range of interest (e.g., the visible), then defects can be beneficial to optimize material
performance beyond the intrinsic limits.

Due to the variability of defect utility, instead of attempting to remove all defects from a
system it is significantly more beneficial to have control over the level of defects. Defect formation
during film growth can be controlled to a certain extent by the growth method chosen and growth
parameters employed. Defects fall into three broad classes: point defects, line defects, and planar
defects. Point defects are defined as a single atom that is out of place. Examples include foreign
atoms on an interstitial site, vacancies on either a cation or anion site, or substitutional dopants.
These point defects can also arrange in an ordered manner to form a domain of a specific symmetry.
Line defects are a disruption of a perfectly periodic arrangement along one dimension. Linear
defects, such as dislocations, commonly occur at film-substrate heterointerfaces to accommodate
and alleviate strain originating from a significant film-substrate mismatch, such as in the case of
SrNbO3 grown on LSAT. One example is an edge dislocation which occurs when an extra plane of
atoms is introduced, distorting the lattice. This distortion is described using the Burgers vector
which quantifies the direction and magnitude of the atomic displacement. An example of an edge
dislocation along with its associated Burgers vector is shown in Figure 2-4(a). The Burgers vector
is calculated from the comparison to the ideal lattice.

Another type of line defect is a screw dislocation which occurs if the lattice planes are

slipped in a helical path along a linear defect. An example of a screw dislocation is shown in Figure
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2-4(b). Unlike edge dislocations, pure screw dislocations have a Burgers vector parallel to the linear

defect.
(a) Edge dislocation (b) Screw dislocation
(d) Stacking fault
(c) Stacking faults i
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Figure 2-4: (a) Distortion of the perovskite lattice due to an edge dislocation with the associated Burgers
vector determined from the comparison to the ideal lattice. (b) STEM image of a screw location in SryNbO3
on LSAT. (c) Schematic of stacking faults in perovskites. (d) STEM image of a stacking fault in SrVOs on
LSAT reproduced from reference.'®!

Finally, planar defects are two-dimensional and occur when two dissimilar materials are
stitched together along a plane or when the stacking order of a crystal is interrupted, causing a
disruption in periodicity. Typical [001]-oriented 4BO; perovskite films consist of alternating 40
and BO; layers; however, if the stacking order is changed by adding, removing, or substituting an
individual layer, then a stacking fault occurs. This effect is shown schematically in Figure 2-4(c)
where a single 40 layer is replaced by a CO layer and where a BO, layer is removed, resulting in

neighboring 4O layers which is commonly described as a Ruddlesden-Popper (RP) fault. Such RP
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faults are commonly observed in films grown under A-site rich conditions such as Sr-rich SrVOs

on LSAT as shown in Figure 2-4(d).!®! If these stacking faults assume an ordered arrangement, a
new RP phase is formed which follows the formula An+18:03n+1 Where an extra 4O layer is added

for every n perovskite layers.'®?

2.2 Thin film growth techniques

Thin film synthesis methods can be categorized into two main groups: physical vapor
deposition (PVD) and chemical vapor deposition (CVD) techniques. In CVD techniques, the
supplied species undergo a chemical reaction before becoming incorporated into the film. This is
not the case with PVD techniques where material species are physically ejected towards a substrate
from a condensed matter source, whether it be through thermal evaporation or ablation. As this
work mainly involves PVD techniques, this section will summarize and discuss the advantages and
shortcomings of the three most common PVD techniques used for depositing correlated metals;

sputtering, pulsed laser deposition, and molecular beam epitaxy.

2.2.1 Sputtering

Sputtering is one of the most widely used thin film deposition techniques due to its rapid
deposition rates in conjunction with its low setup and operating costs, allowing it to be easily
integrated into research laboratories and industrial processes alike. The basic premise of sputtering
is the transfer of material from a target to a substrate. To accomplish this, the target material is
biased, causing ions in a plasma to accelerate into it, these collisions eject or ‘sputter’ atomic sized
fragments of the target material towards the substrate. In a typical sputter deposition process, the

deposition chamber is pumped out to high vacuum using turbomolecular pumps or cryogenic
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pumps to evacuate any unwanted background gases and contaminants. The chamber is then

backfilled with a sputtering process gas, typically an inert gas (e.g. the noble gas argon) is used to
prevent an incorporation of the process gas into the deposited material. A plasma is ignited by
applying a high voltage bias at a cathode located behind the sputter target while the deposition
chamber acts as the anode. Electrons are then accelerated away from the cathode and some number
collide with the atoms of the process gas and ionize them. This avalanche of free moving charged
particles results in an electric breakdown and ignition of a plasma. These ionized and positively
charged argon ions are accelerated towards the cathode and collide with the target material causing
atoms to be ejected with enough kinetic energy to reach the substrate and the surrounding chamber
walls. This process is shown schematically in Figure 2-5. Deposition rates can be increased to some
degree by maximizing these collisions by increasing the deposition pressure or by using a higher
molecular weight processing gas; however, this also reduces the kinetic energy of the sputtered
material. Many modern sputtering tools utilize magnetron sputtering which employs strong
permanent magnets to further confine the plasma near the target, leading to increased deposition
rates.

As the target material is ejected through high energy collisions, the sputtered material
strikes the substrate with energies ranging from tens to hundreds of eV'®® which can aid in the
crystallization of the film but can also detrimentally affect the film quality through either the
formation of defects or through re-sputtering low Z number elements causing non-stoichiometry.
In addition, larger chunks of the target can be eroded and incorporated into the film without
crystalizing properly.'®* The formation of these defects can be somewhat avoided through the use
of off-axis sputtering where the target is positioned at angles up to 90° off of the substrate. In this
case, the substrate is not directly in the line of sight of the target and the ejected material must
undergo several collisions with the process gas before striking the substrate causing a lower, more

uniform energy of impinging material. While this method allows for much higher crystalline
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quality, it comes at the cost of a greatly reduced deposition rate. This tradeoff is highly desirable

when investigating intrinsic material properties and has been widely used to produce high quality
epitaxial films and heterostructures. 83187

The sputtering process can be categorized into four primary types: direct current (DC),
pulsed DC, radiofrequency (RF), and high-power impulse magnetron sputtering (HiPIMS).!84188
DC sputtering exactly follows the process outlined previously and is restricted to sputtering metals
such as Cu, Ti, and Ag. Sputtering an electrically insulating target, such as a dielectric or
ferroelectric material, will result in a charge buildup on the target surface, reducing the high electric
field and preventing the plasma from being sustained. One method to circumvent this charge
buildup is to use pulsed DC sputtering which pulses the usual bias followed by a reverse bias to
clear the charge buildup. The pulsing frequencies employed in this method are typically in the kHz
range.'® Alternatively, a RF sputtering voltage can be used which delivers power at radio
frequencies in the MHz range, preventing the buildup of charge.!®* The final major sputtering type
is HiPIMS which delivers high peak power densities at low duty cycles to reduce the significant
heat generation at the target. This allows for the formation of a plasma with a much higher density
and a larger fraction of ionized species than traditional sputter processes.!®® In addition, the plasma
generation is highly tunable as the voltage, pulse width, and repetition rate can be freely changed.
This allows greater control over the stress, adhesion, and functional properties of the film, making

this technique of great interest for high quality material growth.'?%:1%!
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Figure 2-5: Schematic representation of the magnetron sputtering process. Note that the ground on the
chamber is electrically isolated from the target.

Reactive sputtering is another variation that utilizes different processing gases with the
objective of the gas reacting and becoming incorporated in the deposited film. This method has
been used to deposit oxides,'**!** nitrides,'*>!7 carbides,'*®!*° sulfides,?**?°! and fluorides.?022%
While the inert process gas, argon, can be continuously reused in the plasma, the reactive process
gases become incorporated into the film and are therefore are consumed and diluted out of the gas
phase. Due to this, a sufficiently high flow of the additional process gas must be ensured to maintain
consistent growth conditions. Large concentrations of these additional process gases can result in
the target material being poisoned, creating uneven deposition rates and film properties; therefore,
care must be taken for reproducibility when utilizing reactive sputtering.

An additional benefit to sputtering is that a wide variety of geometries for substrate size,
target size and shape, and growth chamber size are possible. For example, for large throughput

processes where substrate rotation is impossible, the target can be made into a rectangular shape
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allowing for deposition on a roll-to-roll system.?** This flexibility in addition to the ability to

deposit virtually any material in a cost-effective manner continues to make sputtering one of the

most widespread deposition techniques available.

2.2.2 Pulsed laser deposition

Pulsed laser deposition is a PVD technique similar to sputtering where a target material is
ablated to deposit a thin film with a specific stoichiometry on a nearby substrate. In contrast to
sputtering, the target material is ablated by precise, intense laser pulses. As the laser irradiates the
material and is absorbed, it is converted into electronic excitation and thermal energy which induces
evaporation and ablation of the material. This process allows for a near one-to-one transfer of the
target material to the substrate, allowing the growth of films with complex stoichiometries such as
complex oxide superconductors.’”®> Most PLD systems use nanosecond-pulsed excimer lasers
operating at a wavelength of 248 nm or neodymium doped yttrium aluminum garnet lasers
operating at a wavelength of 266 nm since most materials have strong absorption at these
wavelengths. The pulse length is on the order of nanoseconds while the repetition rate is typically
on the order of 10 to 100 Hz which can be adjusted to achieve optimal growth conditions.?*® For
most ceramic materials, the optimal laser output energy ranges from 0.5 to 5 J/em? corresponding
to 0.2 to 2x10® W/cm? for a 25 ns pulse duration. Similar to sputtering, the atomic sized species
gjected from the target material have energies in excess of 10 eV which can re-eject volatile
elements from the film or induce defects in the growing film due to mechanical knock-on damage
pushing the atoms on energetically unfavorable lattice sites by virtue of momentum transfer.

Nevertheless, PLD has been shown to produce high quality films and superlattices.
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Figure 2-6: Schematic representation of a PLD deposition chamber equipped with in-situ RHEED.

A schematic of a PLD deposition chamber is shown in Figure 2-6. Unlike sputtering, the
deposition pressure of PLD can vary between a few Torr to ultrahigh vacuum (UHV) conditions
since target erosion can be achieved without the need of a gas discharge. This wide range of
pressures offers an additional tuning parameter since the addition of process gas increases scattering
of the ablated material, lowering the incident energy and lessening the incorporation of defects into
the deposited material. At the other end of the spectrum, the ability to deposit in UHV conditions
enables the use of in-situ characterization techniques using electrons such as RHEED and electron
spectroscopy methods which are not possible under higher pressure conditions when the inelastic
mean free path of the electrons results in substantial scattering between the source and detector.
These techniques provide real time information on the film growth and surface morphology which
greatly assists in the optimization of the growth parameters.

While it is commonly assumed that the primary disadvantage of PLD is its small deposition
size, typically on the order of 5x5 mm, recently there have been significant developments on large,

industrial scale PLD systems. Improvements in uniform substrate heating, laser control, and laser
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rastering has enabling uniform film deposition by PLD on 12-inch wafers.?’’2% The true

shortcoming of PLD and sputter deposition remains the high energy nature of the process which
typically results in increased defect concentrations when compared to low energy techniques such

as molecular beam epitaxy.

2.2.3 Molecular beam epitaxy

The final PVD technique discussed here is molecular beam epitaxy (MBE) which employs
thermal effusion cells to supply elemental materials and compounds onto a substrate by thermal
evaporation. Unlike the ablation of targets in the previously discussed methods, the evaporation of
these materials and the species supplied to the growth front can be controlled to a high level of
precision, allowing for highly reproducible growth of complex material systems using multiple
effusion cells. MBE chambers are typically evacuated to ultra-high vacuum (~1x10 Torr),
resulting in a molecular mean free path exceeding the size of the deposition chamber. A “beam” of
species supplied from an effusion cell can therefore be directed onto the growth front without being
altered by unintentional interactions within the gas phase. The flux generated by each effusion cell
is measured and subsequently calibrated by a quartz crystal microbalance (QCM) placed in the
“beam path” at the sample position. The QCM utilizes the piezoelectric effect of the quartz which
allows for a predictable, constant oscillation frequency when brought near its resonant frequency
by applying an RF voltage. As material supplied from the effusion cell accumulates on the surface
of the oscillating quartz crystal, the additional mass reduces the oscillation frequency. The change
in mass on the crystal can then be determined by the change in frequency allowing the supply rate

of the deposited material to be quantified on the order of 1x10'> cms™!.
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While effusion cells offer a high degree of controllability, they lack long term stability,

causing the atomic fluxes to drift. These drifts can lead to non-stoichiometric ratios of elements
supplied to the growth front and to the unintentional incorporation of defects. In addition, effusion
cells are currently limited to temperatures below 2000°C, preventing the evaporation of certain
elements such as refractory metals which have higher evaporation temperatures.?”” Such elements
must instead be evaporated using an electron beam which results in ejected particulates with higher
energies, similar to those in PLD, resulting in a lower stability and higher defect concentrations
when compared to deposition with effusion cells. While these issues are critical in traditional MBE,
both been shown to be resolved through the use of self-regulated growth in hybrid molecular beam
epitaxy as described in the next section.?””

While MBE brings many advantages to high quality film deposition, in particular the direct
control of type and rate of low energy species supplied to the growth front, it is not without some
drawbacks. MBE systems have a high initial setup and operating cost, long setup time for growth
experiments and require a high level of routine maintenance. The inherent complexity of an MBE
system and the requirement of constantly monitoring growth parameters to ensure proper growth
reproducibility require sophisticated computer control, making the system prone to failure. These
intricacies require complex and time-consuming troubleshooting to perform the necessary repairs.
This complexity also makes it difficult to trace reproducibility errors and have resulted in other
interpretations of the abbreviation of MBE, including “Many Boring Evenings” and “Mostly

Broken Equipment.”

2.2.4 Hybrid molecular beam epitaxy

High quality thin films can be most readily synthesized and reproduced by taking

advantage of self-regulated growth kinetics, which prevent the incorporation of nonstoichiometric
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defects into the film. This method was developed for the growth of binary semiconductors, such as

GaAs, where growth temperatures are chosen such that the constituents of the film have different
volatilities. In the case of GaAs, the nonvolatile element (Ga) is co-supplied with the more volatile
element (As). At around 600°C, the targeted line compound GaAs) is thermodynamically stable
while excess Ass) readily evaporates, preventing incorporation and the unintentional formation of
nonstoichiometric defects. Therefore, when depositing GaAs, it is possible to supply As in excess,
alleviating the strict requirement of individual flux control. Instead, every Ga atom adsorbed to the
growth front readily reacts with As species forming GaAs, while unreacted As desorbs from the
growth surface leaving a highly stoichiometric film. The maturation of this growth approach over
decades has resulted in an unparallel film quality, manifested in record low temperature carrier
mobilities exceeding 3x10” cm?V-'s! in GaAs thin films?'° compared to bulk GaAs which is limited
to ~10* cm?V-1g1 21!

This highly convenient growth mode is unfortunately inaccessible for most oxide materials
when using elements as source materials. For instance, when depositing SrVOs3 using elemental Sr
and V sources in excess oxygen, Sr and V readily oxidize into SrO and VO respectively. Since
neither of these binary oxides are volatile at accessible growth temperatures, a self-regulated
growth mode is not accessible. However, if one cation is instead supplied in a chemically different
form, such as a metalorganic molecule with high volatility, a self-regulated growth regime can be
recovered. For the case of SrVOs, elemental V can be substituted for vanadium oxytriisopropoxide
(VTIP). It is hypothesized that such metalorganics, VTIP in this example, preferentially desorb on
similar surfaces such as VO, and that a catalytic effect promotes thermal decomposition on
dissimilar surfaces such as SrO.!”” Such film deposition involves both PVD and CVD processes,
further complicating the kinetic processes of film growth.

The exact kinetic processes for the self-regulated growth of complex oxides are currently

not well understood; however, important insight into the mechanisms can be gained through the
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examination of TiO, growth using the metalorganic precursor titanium (IV) isopropoxide (TTIP).

These mechanisms are shown in Figure 2-7,%!> which outlines (a) the growth rate of TiO, (b) the
coverage of the TTIP molecules on the surface, and (c) the TTIP incorporation rate as a function
of substrate temperature. The growth process is considered as a competition between the reaction
and desorption rates of the TTIP molecules and can be categorized into three distinct growth
regimes depending on the deposition temperature: reaction limited, flux limited, and desorption
limited. At temperatures far below 400°C, TTIP molecules entirely cover the surface but do not
have enough thermal energy to react and form TiO; or to desorb from the surface. Closer to 400°C,
the surface remains saturated with TTIP molecules but they begin to decompose into volatile
ligands and the non-volatile core which becomes incorporated into the film, making the growth rate
reaction limited. As the temperature increases, the reaction rate of TTIP exceeds the desorption
rate, resulting in a film growth rate that is limited by the TTIP flux supplied. Above 700°C, the
desorption of intact TTIP molecules becomes significant and many molecules desorb before they
can decompose, resulting in a desorption limited growth. These temperature dependent kinetics
have been shown to be similar for binary oxide growth using other volatile metalorganic precursors

including the growth of VO, using VTIP.?!?
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Figure 2-7: (a) The deposition rate of TiO», (b) the TTIP molecule coverage, and (c) the TTIP incorporation
rate in the reaction limited, flux limited, and desorption limited regimes. (d) The growth window for SrVOs
at 900°C identified by the intrinsic lattice parameter, ar. (¢) The temperature dependent growth window of
CaTiOs identified by the out of plane lattice parameter, c. Reproduced from references. 77209212214

These straightforward processes rapidly become complicated with the introduction of
additional elemental materials. In this case, the flux of each material as well as surface dependent
reaction and desorption rates of the metalorganic must be considered. The growth window for
complex oxides is experimentally determined by setting a constant elemental flux and growing a
series of samples at different metalorganic pressures. The out of plane lattice parameter of the films
are then determined using XRD. The growth window is then defined as the region where the film
lattice parameter matches the expected stoichiometric value. Outside the growth window the lattice
parameter changes due to the incorporation of nonstoichiometric defects into the film. Self-
regulated growth windows have been determined for oxides including SrTiOs,*'S CaTiOs,2'
BaTi0s,2!® GdTi0s,2'7 SrVO0;,!”7 CaV0;,2'8 LaV03,2" La;«xSr, V03,2 and BaSn03.%2! The growth

window of SrVOs at 900°C'”” and the temperature dependent growth window of CaTiOs*'* are



59
shown in Figure 2-7(d) and (e) respectively. The self-regulated growth of both materials occurs at

temperatures in the desorption limited regime. As seen in Figure 2-7(e), the growth window widens
and shifts to higher metalorganic pressures as the substrate temperature increases. The linear
widening of the growth window with increasing temperature closely follows the linear decrease in
the growth rate of TiO, from 700-950°C seen in Figure 2-7(c). The shift to higher pressures at
elevated temperatures arises due to the increased desorption rate of TTIP, necessitating a higher
TTIP flux to compensate. Furthermore, the boundaries of the growth window have different slopes,
10 mTorr/100°C for the Ti-rich side and 3 mTorr/100°C for the Ca-rich side, arising from the
different reaction and desorption rates of TTIP on Ca and Ti enriched surfaces. This difference in
slopes suggests that TTIP desorbs more readily on Ti-rich growth fronts. Similar evidence of an
increased TTIP incorporation has been shown to occur in reactions including SrO.?* While these
trends have only been inferred from experiments, thorough computational investigations into the
decomposition of metalorganic precursors as well as their reaction with specifically terminated
surfaces are currently ongoing and promise to elucidate the intricacies of these complex kinetic
processes and to develop a comprehensive understanding of the processes at the atomic scale.
While self-regulated growth is extremely advantageous, its application requires additional
considerations beyond co-supplying an elemental source and a volatile metalorganic precursor. For
instance, the metalorganic must be deposited in the desorption limited-regime and the surface of
the elemental oxide layer must have a higher reactive surface compared to that of the metalorganic

oxide, €.g., Rgro > Ry, for SrVOs. In addition, metalorganics must be chosen that decompose

into highly volatile, non-reactive products to prevent their unintentional incorporation into the film.
Specifically, halide containing metalorganics should be avoided to prevent the formation of
corrosive byproducts during the growth process.

Even with these restrictions, ZMBE has been shown to be an excellent growth method for

many perovskite oxides. TTIP has been used for the synthesis of SrTiOs,?'>??? CaTiOs,*!*
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BaTi0s,%'% GdTi0;,>'7 SmTi03,?* and NdTiO;,”2* VTIP has been used for Srv0s,'%17” CavOs,2!8

LaVO0;,2"? and La;«SrxVO3??° and hexamethylditin has been used for BaSnOs**! and SrSn0s.?* In
addition to these commonly used metalorganics, many other commercially available compounds
exist as indicated in Figure 2-8. The self-regulated growth in ZMBE not only simplifies
stoichiometric film growth, it also enables a superior material quality that can be seen in the record
mobilities exceeding 120,000 cm?V-!s! in SrTiOs° as well as record RRR values exceeding 200 in
SrVO; films,'? both of which far surpass the best bulk single crystals.?*® This superior material
quality combined with the sheer number of possible material combinations as shown in Figure 2-8
renders ZMBE one of the most promising thin film growth techniques to advance our understanding

of complex physical phenomena in the ultraclean limit.
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Figure 2-8: The periodic table of elements used in ZMBE where dashed lines indicate materials that have
been evaporated from elemental sources and shaded boxes indicate materials that have been supplied from a
metalorganic source. The temperatures required to reach a sufficient flux as well as commercially available
metalorganic precursors are indicated for most elements. Reproduced from reference.?”



2.3  Thin film growth at Penn State ‘!

The basic capabilities of thin film deposition systems remain relatively similar from
university to university; however, many deposition systems have been specially designed or
modified to push the limits of the highest quality films for a specific class of materials or
chemistries. In addition, the use of different components for substrate heating, precursor
deployment, and base vacuum pressure can cause subtle differences in films grown in different
systems. Due to this, it is highly important to outline the specific details of each thin film growth

method used in this thesis for future reproduction.

2.3.1 Sputter system

The sputter system used in this thesis is part of a three-chamber growth cluster built by
DCA Instruments Inc. consisting of a sputter chamber, an oxide MBE, and a chalcogenide MBE,
all connected by in-vacuo transfer lines. This functionality allows for the inspection of the surface
morphology of sputtered samples using the RHEED system installed on the oxide MBE reactor. In
addition, it enables the growth of unique heterostructures consisting of oxide, chalcogenide, and

sputtered films.
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Figure 2-9: Views of the (a) frontside and (b) backside of the custom sputter chamber at Penn State
highlighting the most relevant system components.
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The sputter chamber is shown in Figure 2-9. A l-inch and a 2-inch Kurt J. Lesker
magnetron sputter source with the capability to deposit using RF and DC processes were used to
deposit the SryNbOs films in this thesis (discussed in detail in Chapter 5). The system was pumped
by a TMH260 turbo-pump and a Cryo-Torr 8 cryo pump allowing for a base pressure around 1x10°
8 Torr. Argon was used as the main process gas and was supplied using a mass flow controller
(MFC). Oxygen, nitrogen, and forming gas (5% hydrogen, 95% argon) could also be supplied in
conjunction with pure argon using an additional MFC to provide oxidizing or reducing conditions.
Substrates were heated using a DCA model substrate heater with a SiC heating element capable of
temperatures up to 900°C. The substrate temperature was measured using a type S thermocouple

which was calibrated using a pyrometer.

2.3.2 Hybrid molecular beam epitaxy system

The MBE reactor at Penn State is a DCA M600 MBE chamber built by DCA Instruments
in 2011. The system has since been upgraded with a custom designed metalorganic precursor
injection system used primarily to supply titanium and vanadium containing metalorganic
precursors for the growth of titanium and vanadium-based oxide materials. The MBE control desk
is shown in Figure 2-10(a) where the leftmost computer is used to process RHEED images while
the middle and right computers are used to monitor the MBE and run automated scripts to calibrate
sources and deposit films. The MBE chamber was pumped by a HiPace TC1200 turbo pump and a
Cryo-Torr 8 cryo pump. Additional pumping speed was achieved using a cryopanel filled with
liquid nitrogen, enabling a base pressure of 1x10” Torr after a system bake. Lower base pressures

could be reached when depositing materials that getter oxygen such as Sr and La. This system was
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fit with a kSA 400 RHEED analysis system and can be retrofitted with an in-situ spectroscopic

ellipsometer to further examine film growth in real time.
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Figure 2-10: (a) MBE controls and computers. (b) Schematic of the metalorganic precursor system,
reproduced from reference.?”” (c) Front view of the MBE chamber. (d) View of the metalorganic precursor
system where the blue line indicates flow from the bubbler to the MBE and the purple line indicates the
bypass path to the pumping station.

The metalorganic injection system is shown schematically in Figure 2-10(b) and the
corresponding components are highlighted on an actual image of the injection system in Figure
2-10(d). The metalorganic was placed in a bubbler wrapped with heating tape to maintain a constant
temperature where the metalorganic’s vapor pressure was between 1 and 10 Torr, ~60°C for VTIP.
All inlet gas lines were made up of 1/4-inch stainless steel tubing wrapped in heating tape that is
maintained at a slightly higher temperature than the bubbler to prevent condensation and
accumulation of the metalorganic in the line. The bubbler and all lines were further wrapped with

aluminum foil for thermal isolation. Note that uniform heating over the entire inlet system was
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essential to prevent hot spots that thermally decompose the precursor and cold spots that result in

condensation, both of which result in clogging. An isolation valve was placed immediately above
the bubbler to enable a safe point to detach and refill it in a nitrogen glove box.

A variable linear leak valve was used in conjunction with a capacitance manometer and
feedback control unit to ensure a uniform precursor flow into the MBE reactor. The metalorganic
gas flow was either routed to a pumping station consisting of a Cryo-Torr § cryo pump, or to the
MBE reactor. The pumping station was used to stabilize the flow of the metalorganic precursor
prior to growth and to condition new metalorganic charges. New VTIP charges in particular had to
be conditioned for several hours before showing reproducible behavior. While VTIP was the only
precursor used in this work, additional metalorganic precursors with sufficient vapor pressures
could easily be integrated into this system. Additional details of the ZAMBE setup including the

procedure to set up new metalorganic precursors can be found elsewhere.”

2.3.3 Substrate handling

Proper substrate handling and preparation is vital to maintaining highly reproducible
growth conditions. The typical process for substrate preparation used in this thesis is as follows:
substrates were immersed in an acetone bath and sonicated for 10 minutes followed by sonication
in an isopropyl alcohol bath for another 10 minutes. They were then blown dry using nitrogen and
visually inspected for any remaining macroscopic particles under a microscope. The substrates
were then exposed to UV ozone for 5 minutes before being loaded onto the MBE transfer cart.

The MBE and sputtering systems at Penn State accept substrates up to 3 inches in diameter.
Specially designed substrate holders were used to hold one or many smaller substrates, typically
10x10 mm in this work. These substrate holders were made of either tantalum or Inconel, an

austenitic nickel-chromium alloy that is oxidation resistant and able to withstand temperatures in
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excess of 1000°C. The transfer cart is capable of holding nine sample holders at a time, largely

reducing the need to vent the cart multiple times per day. Figure 2-11(b) and (c) demonstrates how
10x10 mm substrates and 3-inch silicon wafers were respectively mounted. Tantalum retaining
rings were used to fasten the 3-inch wafers and substrate holders to prevent tilting and unwanted

movement during transfer while tantalum clips were used for smaller square samples.

Figure 2-11: (a) View of the MBE and sputter system load lock. Sample holders for (b) 10x10 mm and (c)
3-inch substrates which were held in place by tantalum clips. The transfer process from the (d) cart to (e)
substrate manipulator to (f) transfer arm before transfer to either the sputter chamber or MBE.

The straightforward sample transfer process from the cart to the transfer arm is highlighted
in Figure 2-11(d-f). For MBE growth, once the substrate was mounted in the manipulator it was

visually inspected by RHEED to verify a clean surface prior to growth.



Chapter 3: Film characterization

Nothing is truly discovered from thin film growth without proper in-situ and ex-situ
characterization. Characterization is needed not only to measure the resulting electronic and optical
properties of films but also to optimize film growth processes. If this crucial step is bypassed,
considerable time could be wasted measuring the properties of films with mixed phases, incorrect
stoichiometries, 3D morphologies, or any number of unwanted defects. This chapter covers the
basics of the thin film characterization methods used throughout this work. First, structural
characterization of thin films will be detailed. A strong focus is then given on the proper
measurement and analysis of electric transport measurements. Finally, a discussion on optical

measurements using spectroscopic ellipsometry will be covered.

3.1 Structural Characterization

In order to study the intrinsic electronic and optical properties of a material it is first
essential to verify the structural quality and phase purity of the film. These measurements fall into
two categories, diffraction and microscopy techniques which offer reciprocal and real space
analysis of the film structure. Diffraction techniques utilize the wave-like nature of light and high
energy particles, such as electrons and neutrons, to probe a material and reveal details of the crystal
structure. X-ray diffraction (XRD) is the most common example of this technique and is used in
the analysis of almost every type of thin film growth. Another example is reflection high-energy
electron diffraction (RHEED) which is used to examine the surface morphology of thin films in-
situ. Microscopy measurements, such as atomic force microscopy (AFM) and scanning

transmission electron microscopy (STEM), physically probe the local structure and surface
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morphology on the sub-nanometer scale. In this section we briefly introduce these methods and

discuss their utilization for the optimization of growth conditions.

3.1.1 Reflection high-energy electron diffraction

In-situ characterization of crystalline thin films greatly expedites the optimization of
growth conditions since time consuming ex-situ methods such as X-ray diffraction are not always
necessary to observe non-stoichiometries and unfavorable growth conditions. The leading in-situ
characterization method for physical vapor deposition such as PLD and MBE is reflection high-
energy electron diffraction (RHEED). RHEED was first used in 1928 to study calcite crystals but
was relatively unused until the inception of high vacuum equipment.??” RHEED has long been used
to monitor the growth of complex materials such as superconductors, complex heterostructures,

and topological materials.??®

Phosphorous screen

CCD Camera

Figure 3-1: (a) Image of the MBE chamber at Penn State with each component of the RHEED system labeled.
(b) Phosphorous screen and CCD camera that captures the RHEED image.

RHEED systems consist of an electron gun that generates a finely focused electron beam

from a heated tungsten filament source. The electrons are accelerated to a kinetic energy of 8-
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20 keV. Like X-rays, this beam of electrons can be tuned to a wavelength on the order of the atomic

lattice spacing, 14 keV for the materials in this thesis. This beam is then focused and collimated
into a highly focused beam of electrons using a series of focusing coils which can also be used to
adjust the position of the beam on the sample. The electron beam is positioned at a glancing angle
of approximately 2° from the sample surface illuminating an area of about 100 um x 1 mm. The
electrons are diffracted by the atoms of the growth front and the resulting diffraction image is
observed on a fluorescent screen mounted on a CF flange opposite to the electron beam gun, which
is recorded by a digital camera. The image is then read and analyzed by commercially available
software (k-Space Associates). The RHEED system integrated with the MBE at Penn State is
shown in Figure 3-1 and a schematic of the RHEED working principle is further shown in Figure
3-2. Since we are interested in how the electron path is altered by the crystalline surface, the
electrons cannot be impeded by molecules reducing their mean free path; therefore, working
pressures below 1x107 Torr are required for the operation of RHEED, typically restricting it to
PLD and MBE techniques; however, differential pumping can be used to protect the RHEED

filament for systems that operate under higher pressures.
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Figure 3-2: (a) Schematic of the RHEED setup. (b) Schematic of RHEED in reciprocal space. (¢) 2D
representation of RHEED demonstrating the intersection of the lattice rods from the sample intersecting the
Ewald sphere. Images are not drawn to scale; the Ewald sphere is much larger than the reciprocal lattice
spacing. Adapted from reference.??’

Due to the glancing angle and the short mean free path of electrons in materials, RHEED
is extremely surface sensitive, only probing the top few atomic layers of a thin film. This surface
sensitivity is the most useful aspect of RHEED since it enables a real time monitoring of the
terminating layer of the film during growth. This allows growth conditions to be monitored and
changed to improve crystalline and surface quality ‘on the fly’. When considering diffraction, this
thin probing depth indicates diffraction conditions out of the plane can be ignored; therefore, the
reciprocal lattice can be considered to be a series of infinite rods arising from the reciprocal lattice

points. The kinetic energy of the incident electrons sets up their momentum and corresponding de
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Broglie wavelength (1), which is approximately 0.1 A for electron energies of 14 keV. This

electron beam sets up an Ewald sphere with a radius given by Eq. 3.1 where i designates the vector

to a specific diffraction rod.
ki =— Eq. 3.1

Following this geometric construction, any point where the reciprocal lattice rod intersects
with the Ewald sphere will satisfy the Bragg condition since the magnitude of the incoming and
outgoing vectors have the same magnitude. Vectors that satisfy the Laue condition such that Ak =
ko — k;, where Ak is a reciprocal lattice vector, give rise to circles corresponding to the i Laue
zones. The relation between the Ewald sphere and the diffraction is shown schematically in Figure
3-2(b) and (¢). Since the diffraction condition relies entirely on the point where the reciprocal lattice
rods cross the Ewald sphere, this point is confined to move up and down the lattice rod as the
sample is rotated.

Modifications of the film surface morphology can drastically alter the diffraction pattern
in RHEED. Six distinct examples are shown in Figure 3-3. If the film is entirely amorphous, no
reciprocal lattice rods are present and only a hazy background is formed. If some crystallinity is
present in randomly oriented grains with the same out of plane direction, the rods are rotated around
the origin in reciprocal space, forming concentric reciprocal cylinders. The intersection between
these cylinders and the Ewald sphere then lead to circular diffraction patterns as shown in Figure
3-3(b). A corrugated film surface adds another dimension to the diffraction condition since
electrons are able to diffract through protrusions. This sets up a 3D diffraction condition
corresponding to the entire crystal structure, not only the reciprocal lattice rods, creating a RHEED
pattern of points. A similar 3D diffraction pattern can occur if an unwanted secondary phase is
present at the growth surface. In this case, the unwanted phase sets up a diffraction pattern that is
only satisfied at specific points of the Ewald sphere. When the sample is rotated these conditions

are no longer met, making the secondary phase spots ‘blink on and off” as the secondary phase is
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rotated in and out of the diffraction condition. Films with domains arising from slight relaxation,

vacancies, or defects experience a broadening of the reciprocal lattice rods causing a rod like
intersection with the Ewald sphere and making it appear as a streak as seen in Figure 3-3(e). Finally,
the ideal case is shown where the film forms a single crystal and is atomically smooth, giving rise
to sharp points in RHEED.

(@)

Amorphous film (b) Polycrystalline film

-
) s o |

Film with second phases

Crystalline film with domains f) Single crystalline film

Figure 3-3: RHEED images with their corresponding schematic representations for (a) amorphous films, (b)
polycrystalline films, (c) films with 3D corrugated surfaces, (d) films with unexpected secondary phases
where some unexpected spots in RHEED are highlighted, (e) films with domains and thus a limited lateral
coherency, (f) and single crystalline films. RHEED images were taken at various points in the optimization
process for films grown in this thesis.

Even though RHEED is frequently praised for its usefulness in gauging the in-situ surface
morphology, it is not without its limitations. Since RHEED is a diffraction technique, it only
illuminates areas that meet the diffraction condition. If 10% of the film is highly oriented and
crystalline but 90% of the film is out of place, diffraction will still occur albeit at a smaller intensity;

therefore, since RHEED is only a qualitative characterization method it is difficult to quantify film
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quality. For example, if a film has large areas where it is atomically smooth and the only 3D features

are holes, the only contributions to diffraction will occur on the atomically smooth portions since
electrons entering the side of holes will likely not have enough energy to transmit through the
material and reach the phosphorous screen. Two examples of this are shown in Figure 3-4. In the
first case, [l111]-oriented SrVO; was deposited on [111]-oriented LSAT where cation
nonstoichiometry resulted in the presence of triangular holes in the film that was otherwise
atomically smooth (Further discussed in Chapter 7). The spacing between the holes was on average
much larger than the mean free path of the electrons used in RHEED (approximately 1 to 3 nm);!"
therefore, only a small number of electrons were captured in transmission mode as observed from
the slight splitting of the second order diffraction rod highlighted in Figure 3-4(a). The second case
of FeSe deposited on SrTiO; substrates had large square island growth where the electrons would
need to travel more than 10 to 100 nm inside the material to diffract in transmission, resulting in a
complete elimination of a 3D diffraction pattern. These cases are relatively rare but they illustrate

the importance of additional surface morphology characterization.

Figure 3-4: Two examples where films appear to be smooth from RHEED but have 3D features: (a) [111]-
oriented SrVO; grown on LSAT and (b) [001]-oriented FeSe grown on SrTiOs by Dr. Hilse at Penn State.
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3.1.2 Atomic force microscopy

While RHEED is a useful qualitative, in-situ technique to investigate a film’s surface
morphology, it is not able to quantify the surface roughness or differentiate certain surface
morphologies, as seen in Figure 3-4. Atomic force microscopy (AFM) offers an ideal ex-situ
approach to verify the surface morphology and correlate it back to the pattern observed in RHEED.
AFM offers a height resolution of 0.5 nm and a lateral resolution on the order of the tip size used
(2 nm for the SCANASYST-AIR tips used in this thesis) which allows for highly detailed 3D
topographical maps of the film surface which can be compared to the 2D construction seen in
RHEED.

AFM is based on the principle that all objects exert a small force on other nearby objects
whether it be van der Waals, dipole interactions, or some other force. In this case the two objects
of interest are the film’s surface and the microscopically sharp AFM tip on a flexible cantilever.
When the AFM tip is near the film’s surface, the forces experienced by the AFM tip defect the
cantilever. The amount of deflection is measured by reflecting a laser off the cantilever onto a
photodiode. As the cantilever is deflected, force is applied on the cantilever using piezo actuators
to keep the reflected laser on the center of the photodiode, adjusting for the nN-level forces arising
from the proximity of the tip and the sample. The deflection and force on the cantilever can then

be used to get information of the film surface. This setup is shown schematically in Figure 3-5(a).
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Figure 3-5: (a) Schematic of the AFM setup. (b) Schematics describing the motion of the AFM tip in Peak
Force tapping mode. Figure design reproduced from reference.?*°

AFM has several imaging modes that primarily depend on how the cantilever position is
maintained with respect to the sample. First is contact mode where the tip of the cantilever is held
onto the sample and dragged across the surface. This method simply maps the morphology by the
force required to keep the cantilever on the surface. While this method is effective and relatively
fast, the constant contact to the sample can cause damage to the film, cause excessive tip wear, and
drag debris across the sample, detrimentally affecting the image. Next is tapping mode where the
cantilever is oscillated at a constant frequency and only comes close to the sample at the minimum

of every oscillation.?!

This significantly reduces film damage while producing a high image
quality. The forces exerted by this method are small enough that single strand polymers, ligands,
and DNA can be imaged in solution.?*? Finally there is non-contact mode where the tip is oscillated
at its resonant frequency and maintained immediately above the sample. Forces arising from the
substrate, such as van der Waals forces, change the oscillation frequency of the cantilever. A
feedback loop is used to maintain the resonant frequency by changing the tip-to-sample distance.
This information is then used to construct the topographical image of the film.

In this study, Peak Force tapping mode was used for all images. This mode is a slight

adjustment to tapping mode where the tip does not oscillate at a resonant frequency; instead, the

force distance curve at every lateral point on the surface is rapidly calculated in order to maintain
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a peak force on the cantilever. The quasi-static motion of the cantilever and the positioning of the

z-piezo allow the interaction force and cantilever position to be measured and controlled in real
time. A wealth of topological and nanomechanical information can be extracted from these force
distance curves; however, only topological data such as surface roughness and surface morphology
are used in this study. The motion of the AFM tip and cantilever in Peak Force tapping mode is
shown schematically in Figure 3-5 (b). The precise force control in this mode can keep the peak

force as low as 10 pN, enabling high quality surface micrographs.

3.1.3 High-resolution X-ray diffraction

X-ray diffraction techniques remain the most robust and accurate measurement to
determine the crystalline structure, orientation, thickness, and strain of a thin film, making it the
most useful tool in a film grower’s characterization arsenal. When a material is exposed to X-rays,
they scatter in the material and interfere with each other. If long range order exists in the material
such as crystal planes, X-rays constructively interfere causing diffraction at specific angles
whenever the Bragg condition is met, following Bragg’s law in Eq. 3.2 where A is the wavelength
of X-rays, d is the interplanar spacing, 8 is the incident angle of the X-rays, and n is the order of
the diffraction.

2dsinf = ni Eq.3.2

The diffraction condition is shown schematically in Figure 3-6(a) where two incident plane
waves with the same phase and wavelength interact with neighboring lattice planes. One plane
wave’s path length is increased by 2dsin#, resulting in constructive interference. While this is the
simplest description, there are additional considerations to be made for diffraction to occur. The
arrangement of atoms in a unit cell may cause X-rays to be reflected out of phase and destructively

interfere even at the Bragg condition. This effect can be determined by calculating the structure
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factor of the crystal according to Eq. 3.3 where hkl is the Miller index of the set of lattice planes

considered to give rise to diffraction, N is the number of atoms in the unit cell, and uvw are the
coordinates of each atom in the unit cell. The intensity of the diffracted beam is proportional to
| Frii|?; therefore, any non-zero structure factor will result in an X-ray intensity for the specific set
of planes.
N
Fop = z £, e2milhuntkvy+lwy) Fq. 3.3
n=1

For single crystalline samples with one orientation, the sample must be placed in the
diffraction condition using a 4-circle diffractometer where the sample can be oriented
independently from the X-ray source and detector. The positioning of the X-ray source and detector
along with their rotational axes are shown schematically in Figure 3-6(b). Four circle
diffractometers like the one shown here have four angles that define the relationship between the
X-ray source, film, and detector. These include the angle between the X-ray source and detector
(20), the angle between the source and the sample (®), the sample cradle angle (y), and the in-plane
sample rotation angle (o). This system also has X-, Y-, and Z- axis controls to adjust the sample
position in the X-ray beam. Once the sample is properly oriented in the beam path, scans can be
performed over specific angles where the scattered X-ray intensity is measured using the detector.
The most common scans used in the analysis of thin films are as follows. Rocking curves, or ®-
scans, measure the spread of the crystal plane orientations where high plane alignment results in a
narrower peak width. Wide angle or high resolution 26-® scans are used after aligning to a specific
substrate peak to reveal the location and widths of the film peaks which give information about the
film’s thickness. The Scherrer equation, which is commonly used to determine crystallite sizes in
powder diffraction, can also be used to determine the thickness of thin, crystalline films. The

Scherrer equation is shown in Eq. 3.4 where 7 is the size of the crystal or film, 4 is the X-ray
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wavelength, 0 is the Bragg angle, A(26) is the broadening of the full width half max of the

diffraction peak, and K is a dimensionless shape factor that is close to unity.

KA

v = A(20)cos6

Eq.3.4

In addition, 26-w scans of films with atomically smooth interfaces exhibit thin film
interference fringes called Kiessig fringes in addition to the film peaks, which provide further

information of the film thickness.
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Figure 3-6: (a) Schematic of Bragg diffraction. (b) Schematic of a 4-circle diffractometer with the relevant
axis of rotation between the X-ray source, film, and detector indicated.

While X-ray diffraction is most often used to confirm the presence of a specific film
orientation or to measure the film thickness, its true power comes from the ability to measure
specific symmetric or asymmetric peaks. This ability enables the mapping of asymmetric peaks in
reciprocal space which can be used to measure the film’s in-plane and out-of-plane lattice
parameters and to determine the degree of film relaxation. This ability in turn gives information
about the mismatch, strain and composition gradients, chemical composition and defects of the
film.

In this construction, each lattice plane in real space is represented as a point in reciprocal

space. The points in which the Bragg condition are satisfied are then given by the Ewald sphere
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with a radius equal to the X-ray wave vector length, and thus inversely proportional to the X-ray

wavelength used (k = 2m/A). Assuming elastic scattering, the incident (k;) and scattering (k,)
wavevectors have the same length, as shown in Figure 3-7. One point of the Ewald sphere,
representing the Laue condition for constructive interference, is fixed at the origin of reciprocal
space and the incident and scattering wave vector directions are changed using ® and 26 until the
desired reciprocal lattice point coincides with the Ewald sphere circumference. The scattering

intensity is then mapped as a series of w-20 scans at different 20 positions.

® Substrate peaks
® Film peaks
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Figure 3-7: Schematic of the reciprocal space lattice for a strained thin film and substrate indicating the
scanning patterns for a reciprocal space map. The gray semicircles indicate the areas in reciprocal space
that are the non-accessible Laue zones. Figure adapted from reference.?*?

The diffraction space coordinates can then be expressed in terms of the angular positions

using Eq. 3.5 and Eq. 3.6.

Qx =1/ % (cos(w) — cos (26 — w)) Eq.3.5

Q; = 1/2 % (sin(w) + sin(26 — w)) Eq.3.6

In addition to the characterization of single crystal films, X-ray diffraction can also be used
for polycrystalline samples. Scans done in the Bragg-Brentano geometry, otherwise known as

coupled scans, change 26 while maintaining w and are typically used in phase identification of
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powder or polycrystalline samples. In the case of polycrystalline samples where grains of all

orientations are represented, diffraction will occur at every angle where the Bragg condition is met
for a grain of a specific orientation. This allows unknown materials to be easily identified by
comparing the angle dependent scattering pattern to a structural database such as the International
Centre for Diffraction Data.?** Further Rietveld refinement of the measured peaks can provide
additional information about the sample including the stoichiometry, crystal structure, porosity,
and grain size.?

All thin film XRD measurements in this thesis were performed on a 4-circle Malvern
Panalytical X Pert® MRD. X-rays were generated by impinging a copper anode with an electron
beam and the characteristic X-ray spectra was then reduced into K, radiation with a wavelength
of 1.5406 A using a four bounce Ge 220 hybrid monochromator. The X-ray beam was further
confined using a 10cm mask and 1/4° receiving slit for most scans. Samples were either mounted
on a zero-diffraction plate or an amorphous glass slide to remove any diffraction peaks arising from
the sample stage. High resolution 26-® scans were fit using GenX to extract the film thickness and

out of plane lattice parameter as detailed in Appendix A.2*

3.2 Electrical Characterization

Electrical transport measurements are one of the most common characterization methods
applied to materials due to the vast quantity of information that can be extracted. In typical studies,
information such as the material’s resistivity, sheet resistance, carrier concentration, and carrier
mobility are extracted; however, clever measurements can reveal highly detailed information about
the Fermi surface shape, the dominant scattering mechanisms, and localization effects. In this

section, the commonly used methods for characterizing the resistivity, carrier concentration, and
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mobility will be discussed. This section will then conclude with a thorough discussion of

multicarrier transport analysis.

3.2.1 Resistivity measurements

When addressing the direct resistance of a material, a layman may consider a measurement
with a handheld multimeter tool. If a known current is to a material and the voltage drop is
measured, Ohm’s law can be used to extract its resistance. While this type of measurement is
appropriate to find a material’s resistance (R,,) in many situations, it is associated with an
unacceptable amount of error due to the inclusion of the resistance of the wires (Ry,,) and the contact
resistance between the probes and the material (R)

R=V/I=Ry+Ry+R, Eq.3.7

Instead of this simplistic 2-point probe technique, a 4-point probe measurement setup is
used for research purposes to avoid these systematic errors. In this method, the current is applied
using one pair of probes and the resistance is measured by the voltage drop through the second pair.
As long as the input impedance of the voltmeter is very high, current will be prevented from flowing
through the voltage probes, ensuring that all current stays within the sample and preventing the lead
and contact resistances from being measured.

Typically, 4-point probe measurements are taken in one of two standardized geometries:
Hall bar or van der Pauw. Hall bar geometry requires additional sample processing to etch the film
into a bar like structure shown in Figure 3-8(a). In this measurement, a current is applied between
opposing leads 1 and 4 while the longitudinal voltage drop is measured between leads 2 and 3. The
resistivity can then be found using Eq. 3.8, were t is the thickness of the material, W is the width

of the Hall bar and L is the distance between the legs of the bar as indicated in Figure 3-8(a).
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P=1.I Eq.3.8

The transverse resistance, or Hall resistance, is measured using the same current probes
and measuring the voltage drop between contacts 3 and 5 as shown in Figure 3-8(a). The geometric
confinement forming a conducting channel out of the sample in the Hall bar reduces the effects of
sample inhomogeneity which can obscure properties such as Shubnikov-de Hass oscillations and
the quantized Hall effect; therefore, it is typically used when characterizing quantum and
topological materials. It should be noted that since extra lithography steps are required to make the
Hall bar, some additional uncertainty is introduced since the film is exposed to atmospheric gases
and other contaminants which may decrease the film quality.

Unlike the Hall bar setup, the van der Pauw configuration requires no extra processing
steps. This configuration assumes that (1) the sample has a uniform thickness, (2) the sample is
uniformly connected and has no holes, (3) the probes are connected to the edges of the sample, (4)
the contact area of the leads is much smaller than the area of the film, and (5) the sample has
homogenous resistance everywhere. Under these assumptions it has been shown that the sheet

resistance can be determined through an averaging procedure with leads in various locations.?*”->3



82

(a) Hall bar geometry
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Figure 3-8: Schematics of the most commonly used geometries for electric transport measurements. (a) Hall
bar geometry allows current to be sourced in one direction while measuring both the longitudinal (¥xy) and
transverse voltage drops (Vxy). Van der Pauw geometry allows for the sheet resistance and Hall resistance to
be measured on arbitrarily shaped samples by measuring the (b) longitudinal and (c) transverse voltage drops.

This averaging ideally takes place in the form shown in Figure 3-8(b) where the contacts
are placed on the corners of the sample. The resistance must be averaged across each side. To do
this, a current is sourced from lead 1 to 2 while measuring the voltage drop from lead 3 to 4. This
is expressed as Rq;34 = V34/11,. This measurement repeats by moving each lead clockwise to
measure Rz 41 = Va1/I23, R3412 = Vi2/134, and Ryq,3 = Vp3/14;. Note that it would be
sufficient to simply measure R;i;34 and Rp347 as Onsager’s reciprocity theorem states that
R1234(B) = R3412(—B) so in the absence of a magnetic field R34 and R34 1, are equal. 2%

Using the van der Pauw method, the following condition is met where R, is the sheet resistance of

the film:**!



83
e~ TR1z234/Rs | o=TR1423/Rs — 1 Eq.3.9

For isotropic samples Ry, 34 is equal to Ry 53, therefore Eq. 3.9 can be reduced to:

T R Eq
Tn(2) ¥ 3.10

RS
where R, is the average of Ry, 34 and Ry4,3 and m/In (2) is a geometry correction factor for a
general 2D sheet. The transverse resistance can be measured following the probe arrangement
shown in Figure 3-8(c). Since the Hall resistance does not depend on the sample geometry, no
correction factor is needed. In order to extract the resistivity from the measured sheet resistance,
the film thickness, t, must be accurately determined. In this work it is typically extracted from high
resolution XRD as discussed in Section 3.1.3.
In this thesis, all magnetotransport measurements were performed on a Quantum Design

Physical Properties Measurement System (PPMS) in AC-mode with a source current of 500 pm up

to a magnetic field of 8 T.

3.2.2 Hall data symmetrization

When measuring the Hall effect, whether using a Hall bar or van der Pauw geometry, there
is an unavoidable mixing of the longitudinal resistance, R,, with the transverse Hall resistance
Ry, due to inexact placement of the leads on the sample. This mixing can be easily identified by a
nonsymmetrical B-dependent R,.,.. This effect can be mitigated by precise placement of the probes
but it cannot be alleviated completely. Fortunately, the longitudinal resistance is purely an even
function of the magnetic field while the Hall resistance is purely an odd function. This allows us to
mathematically separate their contributions as it falls into the form: f(x) = f,34(X) + foven (%),
where  foqa(—%) = —foaa(x) and fopen(—x) = foven(x). Therefore, the even and odd

contributions can be found by equations Eq. 3.11 and Eq. 3.12 respectively.
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feven = J&x) +2—f(_x) Eq.3.11
odd = f—(x) —Zf(—x) Eq. 3.12

In order to apply this to real measured data, the Hall resistance Ry, ,, and the magnetic

field B,,, the measured curve is fit numerically using an interpolation function. The even

contributions from the longitudinal resistance are then removed using equation Eq. 3.13.

_ ny,m(Bm) - ny,m(_Bm)

Ryy = z

Eq.3.13

The effect of this symmetrization can be quite insignificant if the contacts are properly
placed as seen from the raw and symmetrized data in Figure 3-9(b). In contrast, it can also be
dramatic as shown from the raw and symmetrized data of the Hall effect data of [111]-oriented

SrVO; seen in Figure 3-9(c) (Discussed in detail in Chapter 7).

(a) Van der Pauw transverse  (b) (0
100 ———————————————— 20 ——
T=2K
50 1 or
] g 20
E o E
e & 4o}
50 F — Raw Data -60  — Raw Data
— Odd Part — Odd Part
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8 -6-4-20 2 46 8 8 -6-4-20 2 46 8
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Figure 3-9: Demonstration of the effect of misplaced leads in the van der Pauw geometry. (a) If leads are
unintentionally misplaced, Vyy and Vyy are mixed in the transverse van der Pauw measurement. (b) In most
cases the raw data is non-symmetric but close to the corrected, odd part after symmetrization. (c) In some
cases, the misplacement of leads can lead to dramatic changes in the measured data yet the symmetrization
process can still salvage accurate data comparable to data taken in the Hall bar geometry (see Chapter 7 for
more details).

3.2.3 Detailed analysis of Hall measurements

The following section is reproduced in part from: Brahlek, M. and Roth, J., et al., Hidden transport

phenomena in an ultraclean correlated metal, Under review in Nature Communications (2021)
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While Hall measurements are most commonly utilized to extract carrier concentrations and
mobilities of metals and semiconductors, they are far more powerful in probing electrical properties
and phenomena. In this section, the Hall effect for multiple carrier channels will be discussed.
Unlike semiconductors that have a single carrier type, the transport properties of many metals are
governed by multiple carrier channels that are made up of electrons or holes. The presence of these
channels can give rise to nonlinearities and complicate the interpretation of Hall data.

When a magnetic field is applied normal to a film’s surface, it applies a force orthogonal
to the velocity vector of the charge carriers, bringing them into a circular trajectory known as a
cyclotron orbit. The carriers deflected by this field build up on the edges of the material, setting up
an electric field transverse to the current flow and the magnetic field direction, defined as the Hall
field, Ey. The voltage drop across this region with current I = J-w -t is defined as the Hall
resistance Ry, with J being the current density, ¢ the film thickness, and w the sample width as
shown in Figure 3-8a. For electrons, the Hall resistance is given by Eq. 3.14 where Vy,,; is the Hall
voltage.

_ VHall

Ryy = I Eq. 3.14

The electrons experience the Lorentz force from the magnetic field following F; = qv B,
deflecting them according to the right-hand rule in addition to a force from the built-up electric
field given by Fr = qEy. In the steady state condition, these forces are equal, allowing the
measurement of the Hall voltage according to Eq. 3.15 where B is the magnitude of the electric

field and v is the drift velocity of the electrons.

w
Viau = f E,dy = E,w = wvB Eq. 3.15
0
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Using the definition of the current density, ] = q - N - v where q is the elemental charge

and N is the 3D carrier density, Eq. 3.14 and Eq. 3.15 can be combined and simplified to find the

expression for the Hall resistance where n,, is the 2D sheet carrier concentration.

R _—Eyw —-v-w-B B
x:y_].w.t_q.N.v.W.t_ q.nzd Eq'3'16

For a single carrier channel, the Hall resistance is negative for electrons since they are
deflected in the -y direction resulting in the Hall field being oriented in the -y direction. The
opposite is true if holes, i.e. positively charged particles, are carrying the electric current. For a
single carrier channel, the Hall resistance is a linear function of the magnetic field with a slope
inversely proportional to the carrier concentration. The 3D carrier concentration can then be
determined using Eq. 3.17 where t is the film thickness extracted from high resolution XRD as
discussed in Section 3.1.3.

N =n,pt Eq.3.17

For most cases this derivation is sufficient; however, for material systems with multiple
carrier channels, a more detailed derivation is required to separate the contributions for each carrier
type. The Hall effect can alternatively be derived by describing the average time T between
collisions amongst the atoms in the crystal and the charge carriers with an effective mass m* and
charge g following Newton’s equation of motion shown in Eq. 3.18.

dv v (_, . E)
— —_—] = . x
m dt+‘l,' =q-(E+v Eq. 3.18

To simplify this, the following simplifications are made: 1) the magnetic field is defined to
be normal to the film surface along the z-axis such that B = (0 0 B),?2) the transport plane is

assumed to only take place in the x-y plane such that E = (Ex E, 0), and 3) the effective masses
of the charge carriers are assumed to be independent of the transport direction. Eq. 3.18 can then

dva _ dvDy

be put in terms of constant drift velocity in the x and y directions where =

= 0. Using
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the previous assumptions and the definition of carrier mobility where u = %, Eq. 3.19 and Eq.

3.20 are derived.

1

va=—1+u2_32[u-Ex+u2-B-Ey] Eq.3.19
1

vDy=—1+H2.Bz[”'Ey_“2'B'Ex] Eq. 3.20

In the presence of an electric field, carriers with a carrier concentration N with individual

charge q drift in a steady-state motion with velocity ¥}, and have a current density j = g * N - ¥p.

The current density and the electric field are related by j = o-E where o is the electrical

Oxx Oxy

conductivity tensor o = ( ) Utilizing Eq. 3.19 and Eq. 3.20, the vector components of

Oyx  Oyy
the current density J; can be related to the electric field components E; through j; = oy; - Ej
resulting in:

q-N ( U ,uZ-B)

U=_1+,u2-BZ —u?-B " Eq.3.21

In order to align this with the experimentally measured electrical resistivity, the

conductivity tensor must be inverted:

1 o -0 p p
_ -1 _ vy xy\ _ (Pxx  Pxy
p o Gxx . o-yy —_ o-xy . o-yx (_O-yx O-xx ) (pyx pyy) Eq’ 3.22
Eq. 3.22 can then be split up to find the longitudinal resistivity p,, = E,/jx:
o. 1+u?-B> q-N-pu 1
= — = : = Eq.3.23
pxx O'xx.o'yy_o'xy.o'yx qZ.NZ.#Z 1+#2 .BZ q.N.u q' :
and the transverse Hall resistivity py, = E,, /j:
—Oyy 1+u?-B> —q-N-u>-B -B

_Uxx'Uyy—ny'ny q2-N2-py2 14+p2-B2  gq-N

The Hall coefficient is then simply:
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Ry=—to="2=—— Eq.3.25

If the carrier motion is assumed to take place in individual, non-interacting channels
indexed by i with individual carrier concentrations N; and mobilities y;, the conductivities for the

individual channels can simply be summed.

Ott_§ § A < : 12 > Eq. 3.26
o LI,
1+ul yiz-B Wi q

Inverting the conductivity tensor to determine the resistivity tensor gives rise to a
complicated expression where the off-diagonal elements of the resistivity tensor follow Eq. 3.27.

N - uf
B 5Ty 257 2232
Pxy = —— Eq. 3.27

2
N; N;-u?-B
<211 /2-le> <Zl HZBZ>

Here, the sign convention for the Hall coefficient is chosen to have a positive carrier

concentration for channels with negatively charged carriers and negative carrier concentration for
channels with positively charged carriers.

The nonlinearities of the Hall coefficient Ry = dRy,,/dB = d(pyy/t)/dB due to multiple
carrier channels can be examined using the expression for the Hall resistivity in the low magnetic
field limit, i.e. B — 0, and the high field limit with B — co. In the low field limit, the second sum

in the denominator of Eq. 3.27 is negligible resulting in the following expression.

B YN uf

Prypoo = —— et L Eq. 3.28
¥y B0 q (XiN;-p)?

In the high field limit, the second term in the denominator of Eq. 3.27 dominates and

resulting in:

Pxy,B—oo = —E SINYA Eq.3.29
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This choice is also ideal as the ratio pyy g0/ Pxy,B-o 18 independent of the magnetic field

since both expressions are linear with the magnetic field. This ratio is plotted as a function of the
mobility ratio u, /i, and the carrier concentration ratio N; /N, of the two channels in Figure 3-10.
The left panel describes the situation where the carriers in each channel have an opposite sign,
representing the case of mixed carriers where both electrons and holes are present. The right panel
describes the situation when both channels are of the same type, in this case electrons are shown.
The three subpanels show the Hall resistivity calculated from Eq. 3.27 as well as the slope of the

Hall resistivity for three distinct cases.
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Figure 3-10: Contour plot of the ratio of the Hall resistivity in the weak and strong magnetic field limit
Py, B—0/Pxy, B—e plotted against the ratio of the carrier mobilities x;/u, and carrier concentration N;/N> where 1
and 2 designate different carrier channels. The left plot describes a system containing an electron-like channel
and a hole-like channel while the right plot describes a system containing two channels with the same carrier
type. The contour corresponding to pxy,8—0/Pxy,5—x = 0 is shown in red. Subplots (i)-(iii) demonstrate three
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examples of the Hall resistivity as a function of the magnetic field for different values of the carrier
concentrations and mobilities in each channel. The respective insets show the change in slope of the Hall
resistivity as a function of the magnetic field, dp,,/dB. Figure reproduced from reference.?*?

In the case of different carrier types, two distinct regions are distinguished, corresponding
to ratios of 0 < pyy p0/Pxy B0 < 1 shaded in yellow and pyy p0/Pxyp-00 < O shaded in
brown. In this yellow shaded region, the slope of the Hall resistivity is smaller as B — 0 compared
to the Hall resistivity at high magnetic field. This typically occurs if there are more electrons
(INy/N;| > 1) with higher mobilities (|i1 /u;| > 1) than holes. This situation is shown in Figure
3-10(i). Note that the converse happens if there are more holes (|N;/N,| < 1) with higher
mobilities than electrons (|u,/uz| > 1), except the overall slope of the Hall resistivity is positive.
In the brown shaded region, either the electron channel has a higher mobility than the hole channel
but has a lower carrier concentration (|N;/N,| > 1 and |y, /u,| < 1) or vice versa. For example,
the case where |N; /N, | = 2 and |y, /u,| = 0.25 is shown in Figure 3-10(ii). In this case the slope
of the Hall resistivity is positive in the low field limit and negative in the high field limit. If the
electron channel instead has a lower carrier concentration and a higher mobility, the slope in the
low field limit would be negative and positive in the high field limit.

In the case where both transport channels have the same carrier type, the nonlinear Hall
resistivity follows the trend shown in Figure 3-10(iii). Here, the ratio pyy p_,0/Pxy,p—w = 1 so the
slope in the low magnetic field limit is larger than the slope in the high magnetic field limit.

If this simple description of non-interacting carrier channels accurately models the
nonlinear Hall resistance, the following categorizations can be made to characterize transport
characteristics in a general material following the type nonlinearity observed.

e If the slope of the Hall resistance in the weak magnetic field limit is smaller than in the
strong magnetic field limit, there are mixed carriers in the system, as seen in the left panel

of Figure 3-10. If the slopes in the weak and strong field limit have the same sign then the
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majority carrier type has a larger carrier mobility as seen in panel (i). If the slopes in the

weak and strong field limit have opposite signs then the majority carrier type has a smaller
carrier mobility as shown in panel (ii).

e Ifthe slope of the Hall resistance in the weak magnetic field limit is larger than in the strong
magnetic field limit, there are channels with the same carrier type but different mobilities
and number of carriers, as seen in the right panel of Figure 3-10. The degree of nonlinearity
increases as the ratio of the carrier ratio and mobility ratio increase while the respective

conductivity in each channel remains comparable.

3.2.4 Geometrical interpretation of the Hall effect in the weak magnetic field limit

The following section is reproduced in part from: Brahlek, M. and Roth, J., et al., Hidden transport

phenomena in an ultraclean correlated metal, in review at Nature Comm. (2021)

Due to the inherent complexities of electrical transport in real materials, the simplified
classical picture is not sufficient and a quantum mechanical description is typically required to
properly account for the band structure effects to the conductivity tensor. Therefore, the Boltzmann
transport equation is typically used to derive realistic formulas for the longitudinal and transverse
Hall resistivities.*** This is further complicated in complex materials with multiple Fermi surfaces
with complex shapes that make the Hall effect in the weak field limit non-trivial 24

These complexities can be circumvented using a tangible and straight-forward geometrical
interpretation. The key points are covered as follows.?** In this interpretation, the carrier motion is

represented in ‘scattering’ space (/-space) in addition to the traditional reciprocal space (k-space).
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When you move a point k around in k-space there is an equivalent scattering path length vector

defined as:

I(k) = v1y Eq. 3.30
where v, is the Fermi velocity calculated from the band structure and 7, is the transport relaxation
time. Note that the path in scattering space is typically much more complicated than the
corresponding path in k-space as it can self-intersect at several points depending on the curvature
of the Fermi surface. Using this straightforward transformation, the Hall conductivity oy, can be
expressed in simple geometric terms including the area swept out by the scattering path length
vector, A;. For a two-dimensional conductor with an arbitrary Fermi surface shape, oy, can be

represented as:

Eq. 3.31

Which if expressed in units of the inverse Klitzing constant Rk (quantized Hall conductance e?/h),
is equal to twice the magnetic flux quanta ¢, = h/e of the field B through A;. This 2D
representation can be generalized to any 3D Fermi surface simply by considering slices of the Fermi

surface normal to the magnetic field and then integrating over all slices as shown in Eq. 3.32.

Q)
N

3D _ B

dk,
Oxy h ¢0 AlJ_ (kz) o Eq. 3.32

A —alx

[

Here, c is the out of plane lattice parameter and the subscript [, designates that it is the
projection of the scattering length vector onto the transport plane perpendicular to the applied B-
field that must be used. This result is rather compelling since the complex factors influencing the
Hall conductivity, namely band structure, Fermi surface curvature, Fermi velocity, and anisotropic
scattering can all be separately discussed.

To get a feel for how this geometric approach is used, the simplest case will first be

discussed. For a single slice of a Fermi surface that is normal to the applied magnetic field, the
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charge carriers will move in the x-y plane of k-space. For a spherical Fermi surface, these slice

orbits will all be circular. In the isotropic limit where 1, is constant and not k-dependent, this
translates to a similar circular trace in scattering space (I-space). This trace encloses an area A, in
I-space as illustrated in Figure 3-11(a). Note that this circular trace arises as [, is always parallel to

the wavevector k and it is electron like since the path always turns to the left.
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Figure 3-11: 2D representations of Fermi surfaces in k-space (left) and traces of the scattering path length
vector in /-space (right). (A) For a simple circular Fermi surface, the trace of the scattering vector is also
circular. (B) As the Fermi surface becomes more complicated with sections of positive (red) and negative
(blue) curvature, some Fermi velocity vectors can be parallel resulting in scattering path length vectors of
different magnitudes but the same direction. (C) In cases where the sections with negative curvature have a
larger Fermi velocity than those having the same direction with positive curvature, additional loops are traced
in I-space with opposite handedness causing a mixed electron/hole characteristic in the Hall conductivity.
(D) Opposite to (C), if the areas with negative curvature have a lower Fermi velocity, ‘inner loops’ are created
with the same handedness resulting in strictly electron characteristics. Note that the main loops do not have
to be electron like in all cases. Figure reproduced from reference.?*?

Fermi surfaces of real materials deviate significantly from the simple spherical case as they

can consist of areas with negative Fermi surface curvature, shown schematically in Figure 3-11(b).

This local curvature is defined as k = %, the deviation from a straight line d@ per arc-length dk,
t

(tangential) which is inverse to the radius of the osculating circle approximating the local bending
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of the Fermi surface. These segments with negative curvature result in a nontrivial change in the

scattering path length trajectory in I-space. Negative curvature results in parallel Fermi velocity
vectors for different k-states which in turn results in parallel scattering path length vectors in /-
space. This point is illustrated in Figure 3-11(b) where v, and vr;, are parallel for two non-parallel
Fermi wavevectors ki and k>. Therefore, the corresponding path length vectors Ii; and i, are
parallel and their relative lengths are dependent on their corresponding Fermi velocity vector and
transport relaxation time. If the segments with negative curvature have a larger scattering path
length vector than those with positive curvature, additional loops will emerge in /-space with an
opposite handedness than the main loop. This is depicted in Figure 3-11(c) where the main loop is
electron-like. The outer loops have an opposite handedness and electrons undergo a retrograde
motion, thus behaving like a positively charged carrier giving rise to hole-like transport
characteristics. In the case where the segments with negative curvature have a smaller scattering
path length vector than those with positive curvature, the additional loops will emerge in I-space
with the same handedness where both the inner and outer loops are electron-like, see Figure
3-11(d). This simple interpretation can already reveal which states of the Fermi surface contribute
electron-like and hole-like responses to the electrical transport.

The Fermi surface geometry, the Fermi velocity, and transport relaxation time encoded in
A, have direct consequences for the Hall conductivity through Eq. 3.31. In the simplest case where

there is only one main loop, gy, ~A;. For more complex Fermi surfaces such as those shown in
Figure 3-11(c-d) the Hall conductivity is proportional to the sum of all enclosed areas traced out
by the scattering path length vector in /-space where the handedness is taken into account. In the
case where the inner loops are the same handedness as the main loop such as in Figure 3-11(d),
Oxy~(Ac + Ag) and the transport is absent of all hole-like character. In the case of Figure 3-11(c),
Oxy~(Ae — Ap). The larger the segments of negative Fermi surface curvature and the longer the

scattering path length, the more pronounced hole-like character of carriers will affect the Hall
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conductivity. This is intuitively clear since the larger the Fermi velocity and the longer the

relaxation time of an electronic state, the stronger it contributes and thus influences the transport
characteristics.

While the previous discussion was focused on 2D conduction, it can be generalized to a
3D Fermi surface by summing Eq. 3.32 over all cross sections of the 3D surface. For cases with
multiple Fermi surface sheets, the contributions from each Fermi surface sheet can also simply be
summed. Once again it is convenient to express the Hall resistivity in terms of the conductivity.
Following Eq. 3.22 and Eq. 3.23 it is clear that in the low magnetic field limit gy, 0y, K Oxy, 0yy,

therefore the Hall resistivity can be approximated as:

Pxy = Py ~ Py Eq.3.33
xy — . . ~ . -9
Oxx Uyy - ny ny Oxx ayy q

The longitudinal conductivity can be determined as follows. In the 2D case, the diagonal
components of the conductivity are given by Eq. 3.34 where 6, is the angle between [, and X.

Oxx = Z—;J ds - l,cos%(6y,) Eq.3.34
For a 2D crystal with N-fold symmetry where N > 2, the Fermi surface is divided into N
identical wedges that can be mapped onto each other by regular symmetry rotations where 8}, is
changed to 8;, + ma where @ = 2 /N. Therefore, in general the longitudinal conductivity can be

expressed as:

2 N
e

Opx =7 | ds Z cos?(6y + ma) Eq.3.35
hm J5g

m=1

By confining the integral to one wedge of length AS = S/N and observing that [ ds - [, is
no more than the product of the average magnitude of the scattering path length vector [, and the
Fermi surface circumference S, the longitudinal conductivity can be expressed as:

lov* S
21

e’ Eq. 3.36
A q. 3.

Gx X
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For cases where we can assume that oy, = 0y, such as crystal systems with four-fold

symmetry in the conduction plane such as biaxially strained SrVOs, the Hall Coefficient Ry = %

for a 2D conductor can be found by combining Eq. 3.31, Eq. 3.33, and Eq. 3.36:

2
e
RH=pﬂ=l- Try zh"l’o'Al =8n2- A Eq. 3.37
B B Oxx " Oyy 22 g .52 e (lav'S)Z q. 3.
27T'h av

This equation can be further generalized to the 3D case by integrating over all ‘slices’ dk,
of the Fermi surface in the transport plane and summing over all Fermi surface sheets indexed by

the subscript ;.

2

™ dk, ;
Y [ lavky * Skpi =2
(eRy)~" = i c Eq. 3.38

81?2 dk, ;

Vs
T ']
Yil A, =
c

Here, lgyk, j 1s the average magnitude of the scattering path length vectors linked to k-
states lying on the ‘orbit of constant k, ; for the Fermi surface sheet j, Sy_ ; is the circumference of
Fermi surface sheet j sliced at constant k, ;, and 4; ;. ; is the total area enclosed by the scattering
path length vector in /-space on Fermi surface sheet j sliced at constant k,, ;. Note that in the original

derivation in reference,?*® Equation (11) has a typo leading to an erroneous factor of 7.

This results in a direct link between the inverse Hall coefficient and band structure of a
given material; specifically, the Fermi surface geometry, the Fermi velocity, and transport
relaxation time which are embedded in Iy, j, Ay, j> and S, j, allowing direct calculation and

comparison to experimental results in the weak field, isotropic limit.
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3.3 Spectroscopic ellipsometry

In order to determine the application value of transparent conductors it is often not
sufficient to simply measure the transmission, reflection, and absorption. For many applications
the optical constants, n and £, are desired to verify that no interfacial interference takes place in the
device stack. In this thesis, these optical constants are determined through spectroscopic
ellipsometry which measures the change in polarization of light as it reflects through the film. The
change in this polarization is given by the amplitude ratio, ¥, and the phase difference A. An optical
model is then made comprising of a semi-infinite substrate, film, surface roughness, and air. This
model is then used to extract the complex dielectric function (¢ = &; + ie,), film thickness, and
surface roughness using a least square regression analysis. The surface roughness is typically
represented using the Bruggeman effective medium approximation.?* It should be noted that the
thickness and roughness of the film can be measured through this technique or measured using

other techniques to give a better fit of the dielectric function.

3.3.1 Oscillator models

The complex dielectric function is then parametrized by a series of oscillator models,
typically Drude, Sellmeier, Lorentz, and Tauc-Lorentz oscillators.?’2*8 The oscillators used in the

optical characterization of the films in this thesis are as follows:

Drude:
—h?
€= GET WD) Eq. 3.39
Sellmeier:
A
€= rEg Eq. 3.40

Lorentz:
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ATE,
E=——-—7-—"—
Tauc-Lorentz:
2 ® &ey(8)
&g =—P ———>d¢&
1 T By 52 _ Ez Eq. 3.42
2
ATE, (E - E,) £ E
g, ={(E2 —EZ)2+T2E2 E g Eq. 3.43
0 E<E,
Cody-Lorentz
2E; _ (Foexp[(E' — Ep)/E,] 2 (PE'G(E")L(E")
81 81 T -fo E’Z — EZ -Lt E,Z — EZ Eq 344
([ & {E_Et} 0<E<E
E Pl E, =5t
& = ATEE, Eq. 345
G(E) E>E;

(E? —E%)? + I'2E?

In these oscillator equations, A is the amplitude, E is the photon energy, E, is the resonance
energy, Eg is the optical band gap, I' is the broadening, £ is the reduced Planck constant, & is the
vacuum permittivity, p is the electrical resistivity, T is the mean free relaxation time, E; is the
demarcation energy between the Urbach tail and band-to-band transitions, G is a varable band edge
function, and L is a Lorentz oscillator function.

In this thesis the optical properties were measured in the deep IR (0.049 — 0.75¢V) using a
J.A. Woollam FTIR-VASE and from the IR to UV (0.75 — 6.5¢V) using a J.A. Woollam M-2000
rotating-compensator spectroscopic ellipsometer. As the fitting of ellipsometric data is not the focus

for this thesis, the reader is suggested to read the following sources for more information.#7-24?
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3.3.2 Calculation of Optical Transmittance of Freestanding Thin Films

For certain transparent conductor comparisons, it is desired to compare the optical
properties of a material unhindered by potential substrate effects. Consider a free-standing film of
thickness ¢ with abrupt interfaces, surrounded entirely by air. The absorption coefficient of the
material is given by Eq. 3.46 where A is the wavelength of light and k is the wavelength dependent

extinction coefficient.

e
a =

Eq. 3.46
1 q

For monochromatic light at normal incidence, the optical transmission coefficient T is then
the ratio of the intensity of light at the upper and lower interfaces given by Eq. 3.47 where R is the
reflectivity given by Eq. 3.48 and ¢ and y are given by Eq. 3.49 where n is the wavelength

dependent refractive index.>°

I (1 —7)% + 4Rsin?y
Iy, e% +R%e~% —2Rcos[2(¢p +Y)]
(=12 +k? Ea. 348
T+ 1)Z + k2 4=
_ 2mnt Eq. 3.49
A
2k Eq. 3.50
— fam—2 q. 3.
¥ = tan [n2+k2—1]

The transmission coefficient is then a function of film thickness and wavelength of the light

and can vary significantly. The transmission can also experience drastic drops due to thin film
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interference that would not be detected in real measurements due to the interface with the substrate;

therefore, this method should not be used unless a specific comparison is desired.
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Chapter 4: SrNbQOs as a visible and ultraviolet transparent conductor

The following section is reproduced in part from: Park, Y. and Roth, J., et al., STNbOs as a transparent

conductor in the visible and ultraviolet spectra, Comm. Phys. 3, 102 (2020)

Following the considerable desire to develop correlated metals as transparent conductors
as outlined in the introduction, this chapter focuses on the theoretical and experimental
developments in realizing StNbO; as a transparent conductor. The correlated metal SrVOs; has
previously been demonstrated as an excellent transparent conductor in the visible region, rivaling
the leading semiconducting TCOs. One of the limiting factors of SrVO; was the presence of an
interband absorption edge at 2.9 eV (427 nm) thus obstructing its optical transmission over the
entire visible range. This absorption edge was found to arise from interband transitions between
the oxygen 2p valance bands to the unoccupied states in the vanadium ¢,, conduction bands. If this
transition could be shifted to higher energies, the optical absorption edge would be pushed out of
the visible range, thus improving the overall optical transparency in the entire range of interest.
Such a change could be induced by increasing the electronegativity difference (Ay) between
transition metal cation and the oxygen anions. If the vanadium cation in SrVO; was replaced by
one with a smaller electronegativity but the same electronic configuration to maintain strong
electron correlations, the energy difference between the O 2p and transition metal ¢, bands would
increase. The clearest choice is to replace the V** cation with an electronegativity of 1.795 to the
isoelectric Nb*" cation with an electronegativity of 1.690.%! This substitution increases Ay by ~6%,
suggesting that the absorption edge could be pushed into the UV regime; however, altering the
material in such a fashion has other implications. The 4d-orbitals of Nb*" have a much larger spatial
extent than the 3d orbitals of V**, resulting in a larger orbital overlap and thus an increase in the
conduction bandwidth despite the larger lattice parameter of SINbO; (4.02 A) compared to SrVOs;

(3.84 A). This increased bandwidth results in a renormalization constant closer to unity, and thus a
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smaller electron correlation strength. This reduced correlation strength then adversely affects the

reduced plasma frequency, causing a blue-shift and potentially reducing the optical transmission of
SrNbO; at longer wavelengths of the visible spectrum.

Bulk Sr,NbOs; ceramics were first grown in 1955 and were described to assume the cubic
perovskite structure with a lattice parameter of 4.024 A.?*> Many follow-up studies revealed the
extreme difficulty in maintaining the cation stoichiometry during synthesis; however, this
experimental downside exposed that the crystalline structure of SrxNbO; was strongly dependent
on the cation stoichiometry; i.e. the Sr to Nb ratio (discussed in more detail in Chapter 5).25%254
While many of these studies verified the metallic nature of STNbO3, none investigated the optical
properties in detail. Surprisingly, one study demonstrated that ceramic pellets of SINbOs were
highly absorbing in the visible yet metallic, serving as an effective photocatalyst in water-splitting
reactions.?® This effect was further studied using first principles calculations where Sr and O
vacancies could be used to alter the optical properties.?>® STNbO; thin films have been deposited by
PLD from SroNb,Oy targets in reducing atmospheres, either with N> process gas®’ or low oxygen
partial pressure to help stabilize the Nb 4+ state.?3%2%° Once again, the optical properties of these
thin films were left unstudied, leaving the transparent conducting nature undetected.

This chapter will first outline the first principles calculations used to evaluate the band
structure, correlation strength, and optical properties of STINbOs. The synthesis and subsequent
structural characterization of SrNbOs thin films grown by PLD will then be discussed. The
electronic and optical properties as a function of film thickness will then be covered, followed by
a comparison to other transparent conducting materials. Finally, this chapter will conclude with the

extraction of the electron correlation strength using extended Drude analysis.



4.1 First Principles Calculations .

The realization that the optical absorption edge can be easily manipulated by simply
adjusting the electronegativity difference between the transition metal cation and the oxygen anions
prompted immediate investigation using density functional theory (DFT) and dynamical mean field
theory (DMFT). These calculations were performed by Dr. Arpita Paul and Prof. Turan Birol of
the University of Minnesota. First principles Kohn Sham calculations were performed using the
Linearized Augmented Plane Wave approach as implemented in theWien2K.2® A 25x25x25 MP
grid was used to converge the density of states.?*! All other calculation used a 12x12x12 grid which
provided good convergence. Fully charge self-consistent, DFT+DMFT calculations were
performed using the EDMFTF package (formerly known as DMFT-Wien2K) that uses the
Luttinger-Ward functional.'*?!?62 On-site Coulomb interaction in DMFT was taken into account
by U=6 eV, in addition to an on-site Hund’s coupling of J=0.7 ¢V. Nominal double counting was
used, which is known to give reasonable agreement with experiment in the early @’ transition metal
oxides. The on-site self-energy obtained from DMFT had a vanishingly small imaginary part on
the Fermi level, and its real part was linear, hence the Fermi liquid approach used in the text was
valid.

The calculated band structure for STINbO; under compressive strain (a=3.989 A) is shown
in Figure 4-1(a) in comparison to the isoelectronic SrVO; under tensile strain (a=3.868 A) in Figure
4-1(b). A schematic of the 1% Brillouin zone along with the high symmetry points is shown for
tetragonally distorted perovskites in Figure 4-1(e). The conduction band was formed by the three
bands originating from the #,; manifold of the Nb 4d orbital and was intersected by the Fermi level,
leading to metallic conduction. The valance band derived from the O 2p bands was found to be
well below the conduction band. The energy gap between the conduction band minimum and the
valance band maximum was found to be 2.3 eV, considerably larger than the energy gap of ~1 eV

calculated for SrVOs.
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Figure 4-1: Density of states and band structure for (a) StTNbO3 and (b) SrVOs; calculated by DFT. The colors
correspond to the orbital character of the bands. Spectral function of (¢) STNbO3 and (d) SrVO; calculated
by DFT and DMFT. The conduction band width W is reduced by the renormalization constant Z. (e)
Schematic of the 1 Brillouin zone for tetragonally distorted StNbO; and SrVOs. Figure reproduced from
reference.”

The interband absorption edge originated from a strong interband transition, either a
transition from occupied states of the O 2p bands to unoccupied states of the Nb 4d 2, bands or
from occupied states of the Nb 4d ¢,, bands below the Fermi level to the higher lying unoccupied
bands derived from the Nb 4d e, and Sr 5s orbitals. For electrons to transition between occupied O
2p and unoccupied NDb 4d ¢ states, photon energies larger than 4 eV were needed, while interband
transition energies from occupied Nb 4d 1., to unoccupied Nb 4d e, and Sr s states were ~2.5-3
eV. The energy separation between the individual bands was considerably larger compared to
SrVOs, where transitions from occupied O 2p to unoccupied V 3d f,, states already occurred at
about 2.7 eV, while interband transition energies from occupied V 3d 2, to unoccupied V 3d e,

occurred at about 2.2 eV, albeit with a small dipole matrix element.*
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The effect of electron correlation on the band structure was examined by comparing the

DFT results to DMFT calculations for SrNbOs and SrVOs, as shown in Figure 4-1(c)-(d).
Comparing the conduction band widths obtained from DFT and DMFT, the renormalization
constant of SINbO; (Z~0.72) was found to be larger than that of SrVO; (Zx~0.55)** confirming
the anticipated reduced correlation strength of SrNbO;. This reduced correlation strength was
attributed to the increased size of the 4d orbitals compared to the 3d orbitals in SrVOj3, resulting in
a larger orbital overlap despite STNbO3’s larger lattice parameter. This reduction induced a blue-

shift of the reduced plasma frequency compared to that of SrVOs.

4.2  Growth of SrNbO; films

To expedite the process of investigating this material system, the STNbOs films in this study
were grown and characterized using XRD by Daichi Oka of Ohoku University and Yasushi Hirose
and Tetsuya Hasegawa of the University of Tokyo. SNbOs thin films of varying thicknesses were
grown on [001]-oriented KTaOs single crystal substrates (a=3.989 A, mismatch=-0.85%) using
pulsed laser deposition following the same procedure used in the previous study.?> A ceramic target
of SroNb,O7 was ablated using a KrF excimer laser (A=248 nm) operating at an energy fluence of
0.33-0.44 Jem™shot! and repetition rate of 10 Hz. The substrates were heated to 700°C by using
an infrared lamp heater. The crystal structure and thicknesses of the thin films were characterized
using XRD and X-ray reflectivity using a four-axis diffractometer (Bruker AXS, D8 Discover) with
a 2D area detector. XRD 26 scans for all samples in this study are shown in Figure 4-2. All films
were found to be single phase. Note that the 40 nm film had a small Pt peak as XRD was measured

after Pt contacts were applied.



106

Log Intensity (arb. units)

20 40 60 80 100
20 ()

Figure 4-2: XRD 20 scans of SrNbO; thin films of varying thicknesses on KTaO; substrates. Figure
reproduced from reference.>

4.3 Electrical characterization

Following the synthesis of a thickness series of STNbOj3 thin films on KTaOs, the electronic
transport was measured in a van der Pauw geometry in a Quantum Design Physical Properties
Measurement System with a source current of 500 pA. Carrier concentration and mobility values
were determined through Hall measurements using magnetic field strengths up to £8 T applied
perpendicular to the film plane. Temperature dependent resistivity was also measured down to

2.2 K to measure the RRR.
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Figure 4-3: (a) Sheet resistance of StNbOj3 as a function of film thickness plotted with the fit of the inverse
relationship between R, and bulk resistivity py (black curve) and the deviation 4p due to extrinsic scattering
effects captured by the Fuchs-Sondheimer model (red curve). (b) Temperature dependent resistivity of two
SrNbO; thin films. (¢) Carrier concentration and mobility as a function of film thickness. Thickness error
determined from Debye-Scherrer analysis from XRD was smaller than the symbols. Figure reproduced from
reference.”

The sheet resistance (Rj) as a function of thickness is shown in Figure 4-3(a). The StNbO;
films with thicknesses in the range of 10—-60 nm had sheet resistance values between 67.5 Q/sq and
7.3 Q/sq and the films’ electrical resistivities varied between 6.9x10° Q-cm and 3.8x10° Q-cm.
This variation was attributed to a larger surface scattering contribution for thinner films. The small
effect of resistivity increasing from surface scattering was investigated by estimating the electron
mean-free path (EMFP) A using the Sommerfeld model and calculating the contribution of the
Fuchs-Sondheimer effect as follows.26%264

The EMFP is the distance electrons travel between two inelastic scattering events and can
be expressed as the product of the Fermi velocity and the electron transport relaxation time. The
inelastic mean free path was approximated using the Fermi velocity expression from the
Sommerfeld model of a free electron gas, shown in Eq. 4.1.'%! For the films investigated, an average
EMEFP of (3.5 + 0.7) nm was found, which was comparable to those of transparent correlated metals

SrVOs (A = 5.6 nm) and CaVO; (A = 3.9 nm),> but much lower than those of conventional metals,
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such as silver (A = 52 nm).?% This exceptionally small EMFP enables more aggressive thickness

scaling than traditional material solutions.
h
A= ?ﬂ (3m?n)1/3 Eq. 4.1

If the thickness of a metallic film is comparable to the EMPF, the effects of surface
scattering must be considered. For film thicknesses t that are on the order of the inelastic mean free
path or thinner, electron scattering at the film surface will contribute and increase the sheet
resistance R causing a deviation from the simple inverse linear relationship Ry = p/t. The
apparent decrease in bulk electrical conductivity can then be quantitatively captured by the Fuchs
and Sondheimer model shown in Eq. 4.2 where k = t/A is the normalized length and p is the
surface reflection coefficient ranging between 0 for diffused scattering and 1 for elastic scattering.

31=p) (®/1 1\ 1-—e*
Ops = 0y [1—Tf1 (g—f—s)mdf] Eq. 4.2

For the SrNbO; films in this study, the smallest experimental film thickness was about
three times larger than the EMFP, therefore the additional scattering effect was relatively small.
Fitting the FS model to the thickness dependent sheet resistance data of STINbOs films gave a bulk
resistivity of 5.5x10° Q-cm and a surface reflection coefficient 0.66. The FS fit is shown over the
thickness dependent sheet resistance in Figure 4-3(a) with the EMFP highlighted.

The residual resistivity ratios (RRR) were relatively small, as can be seen from the
temperature dependent resistivity curves for STINbO; films with 23 nm and 37 nm thickness, shown
in the inset of Figure 4-3(b). The RRR values were 1.6 and 3.2, respectively, indicating that
temperature independent scattering from defects significantly affected the electric conductivity at
room temperature. Nevertheless, the sheet resistance values measured for StTNbOj; thin films were
comparable to other high-performance transparent conductors in the visible spectrum*->* and were
about three orders of magnitude lower compared to current UV transparent conductor

materials. 05266
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The thickness dependence of the carrier mobility # and the carrier concentration n for

SrNbO; thin films is shown in Figure 4-3(c). The mobility was found to be ~8 cm*V-'s™! at room
temperature, comparable to values of other correlated metals such as StVO; and CaVO;™ and about

an order of magnitude lower than conventional TCOs.?’

The carrier concentration for all samples
was approximately 1x10% ¢m™, about a factor of two smaller than carrier concentration measured
for SrVOs, but over an order of magnitude higher than conventional TCOs and UV transparent
conductors in particular. For comparison, the highest carrier concentration reported for Ga,O3 was

on the order of low 10?° cm™ with a carrier mobility of 50 cm?V-!s! 268,269

and typical values for
ZnGa;O4 were similar with carrier concentrations not higher than 10*° cm™ and carrier mobilities
of ~80 cm?V-'s1.2% Even though the carrier mobility of SrNbO; was much lower, it was

overcompensated by the high carrier concentration, giving rise to superior electrical properties

compared to conventional UV transparent conductors.

4.4 Optical characterization

The optical properties of SrNbOs; films were characterized using spectroscopic
ellipsometry at room temperature by Dr. Alexej Pogrebnyakov. The complex dielectric functions
measured for three STNbOs3 films with thicknesses of 10, 23 and 29 nm are shown in Figure 4-4
with the dielectric function calculated from DFT shown in comparison. The dielectric function in
the IR range was dominated by a Drude peak, as highlighted in Figure 4-4(a) and (c). The expected
induced red-shift from the electron correlation in StNbO; was not sufficient to push the carrier
reflection edge completely into the IR range, but it did not greatly hinder the transparency at the
long wavelength end of the visible spectrum. The dielectric function in the visible and UV range
are highlighted in Figure 4-4(c) and (d) respectively. The main interband absorption edge was

experimentally found at around 4.8 eV (~260 nm), in very good agreement with DFT predictions.
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Compared to SrVO;3, the interband absorption of SrNbO; was blue-shifted by over 1.5 eV into the

UV range. The imaginary part of the dielectric function was small in the visible and UV range up
until the absorption edge, indicating a low optical absorption coefficient and in turn high
transparency. The small absorption peak at ~2.7 eV calculated by DFT calculation originated from
a weak 7, to eg interband transition. A similar peak was predicted for SrVOs, but was not
experimentally found in either material system. The cause for this peak’s absence is not clear but
we speculate that the sizeable defect concentration present in the films, which gave rise to relatively

low RRR values, also affected the optical properties.
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Figure 4-4: The real part of the dielectric function in the (a) infrared and (b) visible to UV ranges. The
complex part of the dielectric function in the (c) infrared and (d) visible to UV ranges. The real and complex
parts of the dielectric function calculated by DFT are overlaid in black. (e) Figure of merit for StNbO3
compared to other TCOs as a function of film thickness. (f) Transmission of 10-nm-thick, freestanding films
of StNbO3; and SrVO; demonstrating the increased transparency at higher energies. Figure reproduced from
reference.

The performance of SrNbO; as a transparent conductor was evaluated using the Haake
figure of merit (®4.) as outlined in Chapter 1.3. The thickness dependence of @4, for STINbOs,

SrVOs and ITO was calculated in the visible range (400—700 nm), and for the UV spectrum from
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260 to 320 nm, encompassing the entire UVB range (280-315 nm). The transmittance of each film

was calculated from the dielectric function assuming normal incidence of light and a freestanding
film including surface reflections and multiple interference effects (see Chapter 3.3.2). Since the
transmittance varied with the wavelength, the transmission was averaged over each spectrum of
interest. The curves for each spectrum are shown in Figure 4-4(e). In the visible spectrum, STINbO3
was found to have a maximum ® ;. of 5x10° Q! at a film thickness of 10 nm, about a factor of
two higher than SrVOs at the same thickness and a factor of three higher than the best ITO with a
® ;. of about 1.6x10° Q! at a thickness of 150 nm.>* The pronounced minimum in ®;, of ITO
was due to constructive interference of light reflected at both surfaces of a freestanding film. The
higher ®4, values of SrNbO; and the shift of the maximum of the @, curve toward larger
thickness compared to SrVO; was indicative that the optical properties of StTNbO; were more
suitable for UV applications. Figure 4-4(f) demonstrates a direct comparison of the transmission
calculated from the dielectric function for 10-nm-thick StNbO3 and SrVOs; films. While StTNbO3
had a lower transmission in the visible spectrum at longer wavelengths, a much higher transmission
in the blue spectrum led to an overall higher optical transmission in the visible range. This
improvement in optical properties even compensated for the somewhat higher sheet resistance of
SrNbO; (68 ©/sq.) at a film thickness of 10 nm compared to SrVOs; (45 Q/sq.). This simple
comparison demonstrates that StTNbOs is a competitive transparent conductor material in the visible
range. The transmission curve further shows that StNbOs has outstanding transmission values in
the UV spectrum from 320 to 260 nm.

For the transparent conductor examined here, the UV figure of merits were smaller and the
maximum of each @, curve shifted towards smaller film thicknesses, indicating a reduced optical
performance in the UV compared to the visible spectrum. This effect was much less pronounced
for STINbO; films, specifically the @1 value for 10-nm-thick films was still above 10~ Q! and thus

comparable with ITO’s performance in the visible. In contrast, the @ for 10 nm thick SrVOs; was
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reduced by about two orders of magnitude, rendering it unsuitable for UV applications. ITO had a

maximum UV ®r. at a thickness of ~60 nm, albeit an order of magnitude lower than the highest
@, measured for SINbO;. The figure of merit for ultrawide band gap semiconductors such as
Ga,O;3 were estimated to be in the mid 107 Q! range due to their low electrical conductivity. Large
dopant concentrations in 3-Ga,O3 (10% Sn) resulted in a room temperature resistivity of 10" Q-cm
with carrier mobilities of ~50 cm?V-'s™! and carrier concentrations of about 10'® ¢cm™.2"! Further
increasing the Sn doping concentration gave rise to a red-shift of the fundamental absorption edge
from 266 to 298 nm, which we attributed to a lattice expansion of the host semiconductor due to

the larger size of Sn and an associated decreased band gap.

4.5 Sum Rule and Extended Drude Model analysis

Certain properties of correlated metals, such as the renormalization constant Zj, are
extremely difficult to extract using traditional electronic characterization methods. Fortunately,
proper analysis of the free carrier optical response can reveal otherwise unobtainable material
specific information. Here, we experimentally verify the renormalization constant calculated by
DFT through calculating the unscreened plasma frequency w, from the measured dielectric
function of StNbOj3 using the Sum Rule analysis as well as the extended Drude Model.

The renormalization constant can be extracted by the ratio of carrier mass dependent

quantities in the presence and absence of many-body interactions. Specifically, the renormalization
constant Zx can be estimated from the ratio of the square of the unscreened plasma frequency a)z};E P

determined experimentally by the sum rule when man-body interactions are present and the

unscreened plasma frequency wp”" calculated by DFT as shown in Eq. 4.3.
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The optical conductivity o(w) is first determined through its relation to the dielectric

function £(w) measured from spectroscopic ellipsometry as shown in Eq. 4.4.
4mi
cw)=1+ Ta(w) Eq. 4.4

The experimental plasma frequency is then related to the real part of the optical
conductivity shown in Eq. 4.5.27? For this calculation, the integration interval was chosen to be from
the smallest frequency measured (wy= 0.04 eV) to a cut off frequency of w,=2.25 eV. This cut-off

frequency was chosen to be where the intraband and interband transition were identical (g; = 0).>”
pl Wce Wce
2 [T ore@ydo = [ o) do+a Eq. 45
0 wq

The additive constant A accounts for the area not captured by integrating o, (w), namely
the rectangular area A, in the range [0, wy] on the x-axis and [0, oz, (wy)] on the y-axis plus the
area A, spanned by the three points [0, oz, (wg)], [wg, Ore (Wo)], and [0, o] With op determined
from the electrical resistivity converted into units of wavenumbers (cm™). The values of each
contribution to the unscreened plasma frequency are given in Table 4-1. From the sum rule, the
unscreened plasma frequency was determined to be (3.96 + 0.18) eV.

Table 4-1: Contributions to the unscreened plasma frequency of StNbOs thin films determined from the
optical conductivity or.(®) and electrical conductivity opc.

Film thickness (nm) f:)’c Ore (@) dw (cm™) A; (em™) A, (em™) w, (eV)
0
10 9.62x107 1.54x107 0.41x107 3.77
23 12.21x107 1.55%107 0.12x107 4.13
29 11.23x107 1.49x107 0.11x107 3.97

Using the value of ) "= 4.93 eV obtained from DFT calculations and the average value
for the experimentally determined unscreened plasma frequency oo;;p *P= (3.96+0.18) eV, we find

7x=0.64+0.06. This renormalization constant contains contribution from all many-body
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interactions, electron-phonon and electron-electron interactions alike, which systematically

overestimates the renormalization effect coming from electron-electron interactions alone, as
determined by comparing the conduction band widths of SrNbOs calculated by DFT and DMFT
resulting in an overall lower value.

The renormalization constant can alternatively be determined using the extended Drude
model. The presence of many-body interactions, namely sizeable electron-electron and electron-
phonon coupling, requires an extension of the Drude model of electron conduction and its
interaction with light beyond the simple assumption of an energy independent scattering time.
Generalizing the scattering time to a complex and energy dependent quantity using the memory

function directly reflects excitation originating from the many-body interactions, which can be

— _“k
™(w,T) - 7(w,T)

mapped back onto the conventional Drude model by renormalized scattering rate

and plasma frequency a)z*,z = a)ng.m The frequency dependent scattering rate and the mass

enhancement factor can be calculated from Eq. 4.6 and Eq. 4.7 respectively.?”

1()— wgll( ! ) Eq. 4.6
T e(w) —Zy a4

* 2
m*(w w 1
(@) _ @pt ( ) Eq. 4.7

— e —
my, w? e(w) — 2y
Here, &(w) is the complex dielectric function, w, is the unscreened plasma frequency

determined by Eq. 4.4, and X is the contribution from interband transitions, captured by the optical

fitting model.
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Figure 4-5: Mass enhancement (top row) and scattering rate (bottom row) for StNbOj3 films. Electron-phonon
coupling is the dominant many-body interaction in the blue region while electron-electron coupling is
dominant in the red region. Figure reproduced from reference.*

The frequency-dependent scattering rate and mass enhancement are shown in Figure 4-5.
The region highlighted in red corresponds to regions in which electron-electron interactions are
dominant while the blue regions correspond to regions where electron-phonon interactions are

dominant. The renormalization factor from electron-electron interactions is determined at high
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frequencies, i.e., much higher (5 to 10 times higher) than the highest phonon frequencies, yet small

enough to avoid misinterpretation from interband transitions contributing to the optical
conductivity. Here, the mass enhancement factor is expected to be frequency independent. From
the phonon spectrum of StNbO; computed by DFT, the highest phonon frequencies were found at
about 18 THz (600 cm™), thus the mass enhancement factor was expected to become frequency
independent at frequencies of about 6000 cm™ or higher. The mass enhancement factor determined
from the extended Drude model was found to be 1.1240.03 resulting in a renormalization constant
0f 0.89+0.02. These values were higher than the prediction from DFT and DMFT and much higher
than the values calculated from the sum rule analysis. Note that the sum-rule analysis also contained
contribution to the renormalization constant originating from electron-phonon coupling, which can
significantly reduce Z; if the electron-phonon coupling strength is comparable to electron-electron
coupling.

The screened plasma energy (hw,) extracted from the experiment at £, = 0 was found to
be (1.98 £0.03) eV. This value was smaller than the reduced plasma energy of 2.15 eV found from
DFT.” Taking the mass renormalization due to electron correlation effects into account from the
comparison of band widths of STNbOs calculated by DFT and DMFT, the theoretical value of the
reduced plasma frequency was corrected to a smaller value of 1.82 eV. The experimental
determination of the renormalization constant Zx from electron correlation effects extracted from
the extended Drude model was somewhat higher (Zx = 0.89 + 0.02) than the theoretically predicted
value of 0.72. Using the experimental Zy value, a corrected reduced plasma frequency of
(1.91 £ 0.04) eV was determined which was in better agreement to the measured screened plasma

frequency, indicating that the calculated correlation strength might be slightly overestimated.
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In summary, SrNbO; thin films were proposed and experimentally confirmed as high-
performance UV transparent conductors with superior properties in the spectral range from 260 to
320 nm. DFT and DMFT calculations were performed, revealing that the conduction band of
SrNbO; was energetically more isolated than the conduction band of SrVO;. Despite a weaker
electron correlation, the reduced plasma frequency of SrNbO; was sufficiently small to open a
transparent window ranging from the visible to the UV due to a considerable blueshift of the
interband absorption edge to about 4.8 eV, which is comparable to those of Ga,O3 and ZnGa,Os.
Spectroscopic ellipsometry and transport measurements confirmed the theoretical predictions by
DFT and DMFT and substantiated the potential of the correlated metal SrNbO; as high-
performance transparent electrode material for UV application. The rare combination of high
transmission in the UV and high electrical conductivity in STNbOs facilitates the improvement of
existing UV LEDs suffering from poor EQEs and enables energy efficient, long lasting, high
performance, portable and environmentally benign solid state lighting solutions for UV sanitation,
biomolecule sensing, UV phototherapy, UV curing, UV photolithography and high sensitivity solar

blind detector technology.



Chapter 5: Sputtering SrxNbQOs3 as an ultraviolet transparent conductor

The following section is adapted in part with permission from: Roth, et al., Sputtered Sr,NbO3 as a UV-
Transparent Conducting Film. ACS Appl. Mater. Interfaces 12,27 (2020). Copyright 2020 American

Chemical Society

Following the experimental verification of STNbOs as an effective transparent conductor
in the UV and visible it was desired to further develop the deposition towards a more scalable and
economically viable technique. This chapter covers the growth of SrxNbO; films using RF
sputtering. This research is focused on developing transparent, conducting correlated metals using
a scalable deposition technique used in industry and details the growth on multiple substrates. This
chapter details the procedure for making the target materials for sputtering as well as the growth
conditions required to ensure reproducibility of the results discussed. The discussion is primarily
focused on the growth of SryNbOs films on (Lag 3Sro.7)(Alo.ssTao35)O3 (LSAT) substrates where the
structural, optical, and electrical properties are reported as a function of film thickness. For all
films, the cubic perovskite phase was maintained, although the in-plane and out-of-plane lattice
parameters suggested sizeable Sr deficiencies up to 25%, which was confirmed by X-ray
photoelectron spectroscopy (XPS). Despite such high levels of cation non-stoichiometry, the sheet
resistance remained lower than traditional TCOs while a high optical transparency throughout the
visible and into UV range was maintained. Effects arising from significant Sr vacancies on the
optical properties were calculated using density functional theory (DFT) and compared to
experimental values. These results demonstrate that sputter deposited SrNbOs; remains an excellent
candidate for UV transparent conductors even in the presence of large defect concentrations. The
growth of SrxNbOj on other substrates including SrTiOs on silicon and KTaOj3 is then discussed,

demonstrating the ease in which SrxNbOs can be grown on many materials.
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Following the vast application space of UV transparent conductors covered in Chapter 1,

itis of great importance to develop more effective materials than the traditionally used doped, wide-
bandgap oxides such as 0-Ga,0s, B-Ga,0s, ITO, and La doped SrSnOs;. The recently proposed
materials design paradigm change for transparent conductors away from s-orbital based and
degenerately doped wide bandgap semiconductors with high carrier mobility towards d-orbital
based correlated metals with an energetically isolated conduction band offers a new avenue for the
development of visible and ultraviolet TCOs.*® The presence of this isolated conduction band and
strong electron correlations open an optically transparent window while maintaining a high
electrical conductivity. Correlated metals such as SrVOs; and SrNbOs; have been grown
experimentally and revealed to have high figures of merit.’*>*°> These materials are typically grown
using sophisticated film deposition techniques commonly employed at the research scale, such as
hybrid molecular beam epitaxy (AMBE)***% and pulsed laser deposition (PLD).*® While there have
been drastic improvements in recent years to make these methods more applicable in industrial
scale applications, in order to rapidly and economically integrate these materials into current
devices they must be grown using a highly scalable deposition technique that is already an industry
standard, such as DC or RF sputtering.

Other perovskite based correlated metals have been grown using RF sputtering, such as
SrRu0;%"¢ and SrMoO;,*® but few studies have evaluated the electrical and optical properties and
their comparison to other deposition methods; therefore, it is unclear how significantly the electrical
and optical properties are affected by using this rapid, highly energetic growth technique. Recently,
the correlated metal SrVO; was sputtered and compared to films grown using other methods.?”’
The electrical resistivity was found to be an order of magnitude higher compared to films grown
by MBE; however, the optical properties were not significantly changed. Overall, this study showed
that since sputtered SrVO; still had an high figure of merit, sputtering remains an effective means

to grow other correlated metals.
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SrNbO; films grown by PLD and evaluated as a transparent conductor material in Chapter

4 were found to be favorable due to a minimum resistivity of 3.81x10° Q-cm and an interband
absorption edge of 4.8 eV leading to an optical absorption coefficient smaller than 1.0x10° cm™! in
the visible and UVB range.> This low optical absorption in the UV pushes the boundary for UV
transparent conductors, making SrNbO; the most effective UV transparent conductor to date,
prompting further development of scalable thin film deposition. The growth of SrNbOs is
challenging since in the SrO-Nb,Os system, the Sr2Nb,O7 phase is energetically favorable due to
Nb preferring the 5+ oxidation state.’’”® Therefore, highly reducing deposition conditions are
required to stabilize the perovskite phase where Nb assumes the 4+ valence state. Bulk Sr,NbO3
ceramics were first grown in 1955 and were identified to assume the cubic perovskite structure with
a lattice parameter of 4.024 A 252 Later, more in-depth analysis has shown that the exact crystalline
structure of SrNbOs is strongly dependent on stoichiometric ratio of Sr to Nb. A slight Sr
deficiency in SrxNbOs; induces a rotation of the oxygen octahedra accompanied with an
orthorhombic distortion, specifically an a'c*a” tilt pattern of the NbOs octahedra following Glazer
notation.?” For larger Sr vacancies (0.6<x<0.95), SryNbO; returns to a cubic perovskite structure
with a lattice parameter that decreases with the Sr content according to Vergard’s Law.?>*>
SrNbO; thin films have been deposited by PLD from Sr2Nb,O7 targets in reducing atmospheres,
either with N, process gas®’ or low oxygen partial pressure to help stabilize the Nb 4+ state 25325
The perovskite phase can be further stabilized by introducing Sr vacancies into the film that leave
behind two holes that can be charge compensated by the formation of an oxygen vacancy (@ =
Vs, +V5*) or by allowing two occupied Nb sites to assume the energetically preferred 5+ state
(Srsr + 2Nby;, = Vs, + 2Nbyy, + Sr(s)). Oka et al. reported that the St/Nb ratio increased with

substrate temperature, suggesting that higher temperatures helped stabilize the desired perovskite

phase with a reduced formation of Sr vacancies.”



5.1 Sr:Nb,O7 Sputtering Target !

While sputtering targets are commercially available for many single component materials
(Au, Fe, In, etc) and some multicomponent oxide systems (ITO, BaTiOs, Al,O3, etc), the majority
of complex materials, especially those with multiple components, are not available and must be
custom made. In order to deposit STNbOs films using RF sputtering, a ceramic target of phase pure
pyrochlore strontium niobate (Sr.Nb,O7) was synthesized which had the same cation stoichiometry
as the desired film. Alternatively, a SINbOs target could have been synthesized but since SroNb,O
is the thermodynamically stable phase®’® and only the cation ratio is relevant for sputtering it was
not necessary for this study. 4N SrCO; and Nb,Os powders were first heated to 100° C to drive out
adsorbed water before combining. Stoichiometric quantities of SrCO; and Nb,Os were then
combined and first ball milled in ethanol for 24 hours. The resulting powder was then dried at 85°C
and calcined in a covered crucible in air at 1200°C for 24 hours. The calcined powder was milled
for 24 hours on a vibratory mill, dried at 85°C, and formed into a green body using a 1.1-inch metal
die. The green body was then sealed into a nitrile glove and was subsequently cold isostatic pressed
into a 1-inch diameter target at a pressure of 200 MPa. The sputter target was removed and sintered
in a covered crucible in argon at 1500°C for 12 hours. The resulting target’s density was calculated
using Archimedes’ principle and found to have a density equal to 96% of the theoretical density
(5820 kg'm).?®" Phase purity was verified using a Malvern Panalytical Empyrean X-ray
diffractometer in Bragg-Brentano geometry. The XRD pattern and refinement is shown in Figure
5-1(a) where only the expected diffraction peaks from Sr,Nb,O; are present. An image of the

resulting target from this procedure is shown in Figure 5-1(b).



5.2  Growth of Sr,NbOj films on LSAT "

The SroNb,O; target was then RF sputtered using a magnetron source (Kurt J. Lesker,
TORUS TM1) in a growth chamber with a base pressure of <3 x 108 Torr. SrxNbOs films were
grown on the (001) plane of 10 x 10 mm? single crystal (Lao3Sro7)(AloesTaoss)Os (LSAT)
substrates. Chamber pressure during sputter deposition was set to 2.0x102 Torr of Ar to maximize
the deposition rate. A growth temperature of 700°C was used for all films. Under these conditions,
the growth rate was found to be approximately 0.6 nm/min. All parameters besides growth time

were maintained to achieve a thickness series of films.

5.2.1 Structural Characterization

The deposition system at Penn State gives a unique opportunity to record RHEED images
of sputtered films by transferring the grown films from the sputter chamber into the oxide MBE
chamber. Figure 5-1 shows typical reflection high energy electron diffraction (RHEED) images
taken along the (d) (100), (e) (110), and (f) (210) azimuths at room temperature after the films were
sputtered. The main diffraction spots were streaky and sharply contrasted against the background,
suggesting a highly crystalline surface. Along the (100) and (210) azimuths a 2x reconstruction
was detected in addition to the main diffraction spots, indicated by the white arrows. Film surface
morphologies were then measured ex-situ using a Bruker Dimension Icon AFM in peak force
tapping mode to confirm the observations in RHEED. The AFM scan corresponding to the RHEED
images here is shown in Figure 5-1(c). AFM images confirmed that the film surfaces were smooth
and free of distinct features with a root mean square (RMS) roughness ranging between 0.3 to

1.0 nm.
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Figure 5-1: (a) Wide angle XRD pattern for the SroNb,O7 target used for deposition and for reference in XRD
fitting. The pattern was refined (red line) in Jade software using JCPDF 04-006-1886 and the error for the
refinement is shown in blue. (b) Image of the 1" Sr.Nb,O5 target used for deposition. (¢) AFM scan of a
representative film, confirming a smooth surface morphology (RMS roughness = 0.3 nm). Corresponding
RHEED images for this film are shown along the (d) (100), (e) (110), and (f) (210) azimuths. White arrows
mark a 2x reconstruction along the (100) and (210) azimuths. (g) High resolution 26-® scans of films grown
as a function of thickness with GenX fits overlaid in red. Figure reproduced from reference.?!

The film thicknesses and lattice parameters were determined using a Malvern Panalytical
X Pert? MRD 4-circle diffractometer using Cu-K,; radiation and GenX fitting software.?*® High
resolution 20-w XRD scans around the 002 diffraction peak of the SrxNbOs films discussed in this
section are depicted in Figure 5-1(g) along with their corresponding GenX fit. The out of plane

lattice parameters and film thicknesses were extracted from these fits. All high-resolution scans
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revealed pronounced Kiessig fringes, indicating an abrupt interface and very smooth film surfaces.

A wide angle 26-m XRD scan of is shown in Figure 5-2(a), demonstrating that only peaks from the
desired perovskite phase were present. The out-of-plane film lattice parameters, compiled in Figure
5-2(b), were found to be between 3.998 and 4.023 A. There was no apparent correlation between
film thickness and lattice parameter. With the exception of two ~29 nm thick films, all out-of-plane
lattice parameters were smaller than expected for stoichiometric and fully relaxed StNbO; films. A
closeup high resolution scan is shown in Figure 5-2(c) with its corresponding rocking curve inset

demonstrating the high crystallinity of the film.
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Figure 5-2: (a) Wide angle 26-o» X-ray diffraction scan of a typical Sr,NbO; film showing only the expected
diffraction peaks of the 001 oriented perovskite phase. (b) Out-of-plane lattice parameter of SryNbOs3 films
extracted from high resolution 20-o X-ray scans shown in Figure 5-1(g). Error bars are within the size of the
squares and samples marked with a red star were examined with RSMs. (¢) High resolution 26-» X-ray scan
of the Sr,NbO3 002 film peak showing thickness fringes confirming atomically smooth interfaces. Inset is
the rocking curve (w-scan) of the Sr,NbO; 002 film peak with a FWHM=0.046°. (d) X-ray reciprocal space
map around the -103 diffraction peak of film and substrate. The dashed and dotted line show the expected
peak positions for a fully strained and fully relaxed films with varying film lattice parameter, respectively.
(e) HAADF-STEM images of Sr,NbO3 with three distinct regions highlighted: i) ideal perovskite, ii) areas
of low order near threading dislocations, iii) nine column areas resulting from a half unit cell displacement
of ideal perovskite. The intensity profile along the Sr and Nb columns is plotted to demonstrate the intensity
variations on the Sr sites suggesting a high density of Sr vacancies. Figure reproduced from reference.?®!
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The large deviations in the out of plane lattice parameter suggest that a partial film

relaxation was present in addition to some level of cation stoichiometry. Therefore, to determine
the level of cation stoichiometry from XRD data, the degree of strain relaxation in the films must

first be assessed. For compressively strained films, the in-plane lattice parameter (q;) is clamped

to the substrate resulting in an increased out-of-plane lattice parameter (a.). The Poisson ratio (v)

links the strained lattice parameters to the intrinsic film lattice parameter (ay) by: 282

v+ (1-v)ray
o= 1+v

Eq. 5.1

For a given lattice mismatch of 4.0% between a stoichiometric film with ar = 4.024 A and

LSAT substrate with a, = 3.868 A, the critical film thickness for a coherently strained film was

estimated to 0.7 nm using Freund’s formulation:?%2%

h, = b l (th) L os(zay — L2
¢ 7 8m(1 4 v) * gsin (a) n o 5 costaa 4(1—v) Eq.5.2

where b is the magnitude of the Burgers vector, a is the angle between the dislocation and the
interface, v is the Poisson ratio of the film, &, is the misfit strain, 1y is the cutoff radius for the
dislocation core. For perovskite systems, it is assumed that the slip system {101}<10-1> is
active;® therefore, the Burgers vector is \/Easﬂ\,bo3 and « is /2. The cutoff radius and Poisson
ratio are assumed to be 4 and 0.31 respectively.?®® Since all film thicknesses in this study exceeded
the calculated critical film thickness by more than an order of magnitude, it was expected that all
films were relaxed.

To accurately evaluate the intrinsic film lattice parameter, the degree of strain was
determined by mapping the reciprocal space around asymmetric -103 diffraction peaks of SrxNbOs
and LSAT to extract a; and a., as shown in Figure 5-2(d). Note here that the relaxation line is
plotted between the points in reciprocal space where the film is coherently strained and where the

film is fully relaxed. The film peak was found to be quite broad in H-space, suggesting that there
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was a short in-plane coherency due to interruptions in the periodic arrangement in the plane.

286
1,

Assuming a Poisson ratio of 0.3 an intrinsic film lattice parameter of 4.000+0.005 A was

extracted for the three samples marked with red stars in Figure 5-2(b). The difference between this

2435 and other thin films***?* may be attributed to Sr vacancies due

value and that of bulk samples
to preferential resputtering of Sr atoms caused by negative ions impinging on the growing film.?®
Following Vegard’s Law and SrxNbOs ceramic studies,”**** a Sr concentration of x=0.8 was
predicted for all films.

To further elucidate the lower-than-expected intrinsic film lattice parameter, high-angle
annular dark-field (HAADF) scanning transmission electron microscopy (STEM) was performed
to assess the structure and defect types of the sputtered SrxNbOs films. This characterization was
performed by Kleyser Agueda and Professor Nasim Alem. A FEI Helios Nanolab 660 focused ion
beam system using Ga+ ions was used to prepare a cross-sectional sample of Sr,NbO3; for STEM
imaging. Approximately 10 um of carbon was deposited to prevent Ga implementation to film. The
initial lift-out sample was 20 pm x 2.5 pm. The sample was then carbon welded onto a copper V
post TEM grid. The V notch was deepened to avoid copper redeposition during ion beam milling.
The sample was gradually thinned, resulting in a final polishing of 2 keV and 9 pA. A double-
aberration-corrected FEI Titan® G2 STEM was used to image the sample at 300 keV. High-angle
annual dark field STEM imaging was completed using Fischione detectors at a camera length of
115 mm with convergence angle of 29.98 mrad and a frame time of 20.1 seconds. Images were
drift-corrected by combining two orthogonal scanned probe images into a single image using kernel
density estimation and Fourier filtering to produce a combined image from all components.?

A typical HAADF-STEM image of the film-substrate interface along the (100) zone axis
of Sr,NbOj is shown in Figure 5-2(e). An abrupt, high-quality epitaxial interface was observed. For

the majority of the film, the cubic, perovskite atomic arrangement was observed, as seen in Figure

5-2(i). However, as expected from the reciprocal space maps, several types of defects were revealed
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within the film. Specifically, direct evidence of Sr vacancies can be seen from the peak variations

in the intensity profile along the Sr columns as compared to the Nb columns which remain constant.
Similar intensity profiles have been observed in the Sr columns of PLD grown SrxNbOs thin
films.?® Misfit dislocations also were observed to occur in regular intervals of 12 nm due to the
4.0% lattice mismatch between SrxNbOs3 and LSAT. The regions in close proximity to these misfit
dislocations deviated from the regular intensity pattern (see Figure 5-2(ii)) and may be formed by
the agglomeration of Sr vacancies in sufficient quantities to form a Sr-deficient phase, such as
SrNb,Os that has been observed to exist in Sr-deficient SrxNbOs films,*° or even rock salt NbO.?!
The final defect observed was regions of nine atomic columns corresponding to an antiphase
boundary with half of a unit cell shift can be resolved, shown in Figure 5-2(iii). These defects are
consistent with those previously observed for SINbO; films on SrTiOs deposited with PLD.?*
While many types of defects were observed in HAADF-STEM, it should be noted that SrxNbOs3

appears to be overall very robust to defects as it primarily retains its perovskite structure.

5.2.2 Electrical Characterization

Since SrxNbOs is primarily studied here as a transparent conductor, it is important to
characterize not only its sheet resistance, but also its resistivity, carrier concentration, and mobility
in order to ensure high electrical performance. Room temperature resistivity and Hall
measurements were taken in the van der Pauw geometry using a Quantum Design PPMS with a

source current of 500 pA and magnetic field strengths up to 3.0 T.
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Figure 5-3: Thickness dependence of (a) resistivity p, (b) carrier concentration n, (c) electron mobility p, and
(d) sheet resistance R; of sputtered SrxNbOs films. For comparison, data for stoichiometric correlated metals
SrNbO;* and SrvVO;> doped wide band gap and ultra-wide band gap semiconductors ITO,*2°%23 La doped
SrSn03,%* 0-Ga,03,> and B-Ga,05'!>?"! are shown as well. The dashed lines in (d) serve as guides for the
eye. Figure reproduced from reference.?®!

Despite a sizeable cation non-stoichiometry as observed from XRD and HAADF-STEM,
all films were found to be highly conducting. Room temperature electrical resistivity, carrier
concentration, and carrier mobility are plotted as a function of thickness and compared to other
TCOs including sputtered, polycrystalline ITO,>*?*® SrV03,3 La-doped SrSn0s,2** and Sn-doped
Gay05'"%271:2% in Figure 5-3. The room temperature resistivity of the sputtered SryNbO3 films was
found to be (3.2+1.5)x10™* Q-cm, in good agreement with values of 3.3x10* Q-cm measured for
Sr-deficient SrxNbO; bulk samples.?*> Remarkably, even though this resistivity is about one order
of magnitude above that of stoichiometric STNbOs films deposited by PLD*’ and SrVO; films
grown by Z/MBE,*® it is comparable to resistivities for ITO films and is about two orders of
magnitude lower than the lowest reported resistivity value of doped Ga,03.% Hall measurements
were performed to determine whether the pronounced non-stoichiometry of the sputtered films

caused a resistivity increase through a decrease in carrier concentration, since Sr vacancies act as
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acceptors, or via enhanced carrier scattering thereby reducing the carrier mobility. Typical carrier

concentration of sputtered SrxNbOj; films was found to be (1.3£0.3)x10* ¢cm~, which is comparable
to stoichiometric SrVOj; and SrNbOs, at least one order of magnitude higher than typical wide band
gap TCO, and nearly three orders of magnitude higher than the highest carrier concentration
achieved for the ultra-wide band gap semiconductor Ga,03;* (see Figure 5-3(b)). The carrier
mobility in SrxNbO; was found to be significantly lower than that of cation stoichiometric
correlated metals; see Figure 5-3(c). This decrease in mobility was attributed to a decreased
scattering time caused by the sizeable number of point, planar, and other structural defects as seen
in Figure 5-2(e) resulting from the large lattice mismatch as well as the cation nonstoichiometry.
Figure 5-3(d) compares the linear trend of thickness dependent sheet resistance for sputtered
Sr,NbOs films with StNbOs films grown by PLD, SrVO; grown by AMBE, La doped SrSnQOs,
sputtered ITO, and MOCVD grown Ga»Os films. Even the thinnest (10-nm-thick) SrxNbO; films
still had more than half an order of magnitude lower sheet resistance than the best reported
ultrawide band gap semiconductors 0-Ga,O3**° and B-Ga,Os''>?"! with film thicknesses of 500 nm
or more. This superior transport behavior renders the sputtered SrxNbOs films highly competitive
for the application as UV transparent electrodes despite the increase in the film’s resistivity due to

a sizeable Sr-deficiency.
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Figure 5-4: (a) Temperature dependent resistivity for sputtered SrxNbOj thin films compared to PLD grown
StNbOs, reproduced from reference.®! dp/dT%? as a function of temperature demonstrating the resistivity
scaling behavior for (b) sputtered Sr,NbO; thin films and (c) PLD grown SrNbOs. Inset demonstrates a
similar 737 scaling at low temperatures for PLD grown films.

Temperature dependent resistivity measurements were taken in a van der Pauw
arrangement in a Quantum Design PPMS down to 2K, shown in Figure 5-4(a) compared to PLD
grown films.>* Sputtered films were found to have a higher resistivity at all temperatures, likely
arising due to the significant cation nonstoichiometry. SrxNbOj3 displayed a trend similar to that of
highly defective SrVOs films grown by AZMBE, where the low temperature resistivity was
dominated by defect and impurity scattering.!”” The temperature dependent scaling behavior was
then determined by plotting dp/dT™ as a function of temperature. Films grown by both methods
were found to display T3/2 scaling at temperatures above 120 K as shown in Figure 5-4(b) and (c).
This scaling factor suggests that an additional scattering phenomenon was present at room
temperature in addition to phonon scattering, directly indicating that the crystalline quality can be

further improved to enhance the electrical performance. In addition, PLD films at low temperature
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also displayed a T3/2 scaling which has been shown to occur in ferromagnetic materials,'’

prompting future investigations into the magnetization of these films.

5.2.3 Optical Characterization

In order to characterize the second vital property of transparent conductors, the optical
constants were measured using spectroscopic ellipsometry at room temperature by Dr. Alexej
Pogrebnyakov. The ellipsometric spectra were collected at room temperature at three angles of
incidence (50°, 60°, and 70°) using a rotating-compensator spectroscopic ellipsometer (J. A.
Woollam, M2000) over the spectral range from 1.24 to 6.46 ¢V (0.194 — 1.000 um). Spectra in n
and microstructural parameters were extracted using a least-squares regression analysis and an
unweighted error function to fit the experimental ellipsometric spectra based on an optical model
consisting of a semi-infinite LSAT substrate, SrxNbOs film, and surface roughness. The model for
LSAT was obtained by measuring the ellipsometric spectra of a bare LSAT substrate from the same
batch used for film growth. The surface roughness was represented by a Bruggeman effective
medium approximation of 0.5 void + 0.5 film material fractions. Oscillator parameters as well as
thicknesses of the SryNbO; film and the surface roughness layer were used as fitting parameters
and are shown in Table 5-1.

Table 5-1: Oscillators used in fitting SrxNbO; thin films on LSAT with optically determined thickness and
surface roughness in the spectral range from 1.24 eV to 6.46 eV.

Nominal Optical Surface
Thickness (nm) Thickness (nm)  &ofret Roughness (nm)
57.5+0.5 58.23+0.135 2.103+0.0363 0

Oscillator p (nQ. cm) T (fs)

Drude 211.37 £0.149 1.786 £0.0115
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Oscillator Ey (eV) A I' (eV) E; (eV)

UV Pole 7.394+0.0782  23.4567 +2.0735

Lorentz 6.143 +0.0171 1.7312+£0.1302  1.4807 + 0.0565

Lorentz 2.385+0.0221  0.1071 £0.0046  1.1306 £ 0.0841

Lorentz 4.002+£0.0182  0.2141+£0.0194 0.3939 +0.0084

Lorentz 4.527+0.0683  0.2417+0.0384  0.3562 + 0.0047

Cody-Lorentz  5.272 +0.0105 17.836 £ 0.676 1.745 + 0.050 4.167 +0.011

The complex dielectric function extracted from these measurements is shown in Figure

5-5. Free carrier reflection at energies below the visible range gives rise to & > 2, indicating low

optical transmission in this region. The imaginary part of the dielectric function &; remained low

throughout the entire visible spectrum and into the UV range, indicating a high optical transmission

across the entire visible spectrum and into the UV spectrum until approximately 4.5 eV. At higher

photon energies a sharp increase in &; occurred due to interband transitions between the O 2p band

and the Nb 4d band.> The slight variation in the optical properties overall all samples was likely

due to the different degrees of non-stoichiometry and strain relaxation in the films.
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Figure 5-5: The (a) real and (b) imaginary parts of the complex dielectric function for SrxNbO; with the

visible spectra and 280 nm highlighted. Figure reproduced from reference.
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Although the amount of Sr deficiencies was sizeable according to the XRD analysis, the
optical properties were found to be largely unaffected. The real and imaginary parts of the complex
refractive index, n and &, are shown in Figure 5-6(a) and (b) respectively. The overall trends follow
those seen in the complex dielectric function. Most importantly, k < 0.5 throughout the visible
spectra into the UV, suggesting a high transmission over this large region. Figure 5-6(c) shows the
absorption coefficient calculated from k, confirming the very low optical absorption present in
SryNbO; in the spectral range from 2 eV to 4.5 eV. The optical transmission (7 = ™) for all
samples grown in the series with different thicknesses is shown in Figure 5-6(d). Over 90% optical
transmission was achieved for most of the visible spectra for films with thicknesses less than 25 nm.
The maximum optical transmission at a wavelength of 280 nm of 86% was achieved for a 10-nm-
thick SryNbOs film, which in combination with the favorable sheet resistance makes sputtered
SryNbOs a promising candidate for a UV transparent conductor despite the lack of cation

stoichiometry.
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Figure 5-6: (a) Refractive index n, (b) extinction coefficient k, (c) absorption coefficient a, and (d) optical
transmission SrxNbOs3 films of various thicknesses from the near IR to the deep UV. The photon energy for
light with a wavelength of 280 nm is highlighted by a vertical purple line. (¢) UV transmission at a
wavelength of 280 nm as a function of sheet resistance of sputtered SrxNbOs films compared to the best
values found for a-Ga;0;,%>° B-Gax0;,''>?7! 1TO,** La doped SrSnO;,** SrvV0s, and PLD grown
StNbOs.%* The constant figure of merit /o, lines in units of ! are shown as dotted lines. Samples used in
the XPS analysis shown in Figure 5-7 are marked with a star. Figure reproduced from reference.?®!

In this study, the performance of SrxNbO3 as a UV transparent conductor was evaluated
using the simple ‘intrinsic’ figure of merit (FOM): the ratio of the electrical conductivity o= p’
and absorption coefficient & which has been widely used to quantify the performance of transparent
conductor materials as it provides a thickness independent comparison of the material dependent
properties.**” A wavelength of 280 nm was chosen to compare the UV effectiveness as it is the
upper boundary of the UVC range, indicating an equal or greater transmission at higher
wavelengths in the UV spectrum in addition to remaining effective in disinfection applications.>®
Figure 5-6(e) shows the optical transmission at 280 nm as a function of sheet resistance for all
SrNbOs films grown. ITO, Ga,0s, La doped SrSnOs, SrVOs, and PLD grown SrNbOj; are shown

for comparison with constant FOM lines indicated as well. This method of TCO comparison is
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ideal for selecting the right material for a specific application of interest requiring a particular sheet

resistance or optical transmission. The sputtered SrxNbO; films had varying sheet resistances
between 20 to 200 Q3/sq. and transmission at 280 nm between 53% and 86%. Despite the high
degree of Sr deficiencies, the Sr,NbOj; films still have competitive FOMs ranging from 0.01 to 0.06
Q! although these values were somewhat smaller than the FOM values of (0.28+0.10) Q! reported
for stoichiometric StNbQO; films grown by PLD in Chapter 4. In this region, both ITO and SrVOs
exhibit limited transmission, not exceeding 80% due to a sizeable absorption coefficient present at
UV wavelengths. From this plot, the limitations of the conventional design for transparent
conductors utilizing degenerately doped ultra-wide band gap semiconductors are also apparent.
Though a-Ga,O; is optically transparent, it has very large sheet resistances arising from difficulties
activating dopants. For -Ga,Os, both the sheet resistance and transmission are insufficient,
resulting in a figure of merit more than two orders of magnitude below that of SrxNbO; films. While
the sputtering process induced a high level of Sr deficiencies, electrical conductivity and optical
transmission remained very robust. Although both properties degraded somewhat compared to
stoichiometric SrNbOs, sputtered SrxNbO; films were found to be highly competitive when

compared to ultra-wide band gap semiconductor GaOs.

5.2.4 Stoichiometry and cation valance states

The presence of a sizeable Sr deficiency, as determined from XRD and STEM images and
the distribution of the figure of merit for the sample series suggests a systematic trend between
cation non-stoichiometry and performance. In order to establish such a relation, X-ray
photoelectron spectroscopy (XPS) experiments were performed on the film with the lowest FOM

and the two films with the highest FOM. These samples have been marked in Figure 5-6(e).
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XPS measurements and subsequent fitting were performed by Jeff Shallenberger of the

Penn State Material Characterization Lab using a Physical Electronics VersaProbe Il instrument
equipped with a monochromatic Al K, X-ray source (hv=1486.7¢V) and a concentric
hemispherical analyzer. Charge neutralization was performed using both low energy electrons (<5
eV) and argon ions. The binding energy axis was calibrated using sputter cleaned Cu (Cu
2p3n=932.62 ¢V, Cu 3ps2=75.1 eV) and Au foils (Au 4f7» = 83.96 ¢V).3%! Peaks were charge
referenced to Sr** band in the Sr 3d spectra at 133.2 eV. Measurements were taken at a takeoff
angle of 85° with respect to the sample surface plane. This resulted in a typical sampling depth of
4-7 nm (95% of the signal originated from this depth or shallower). As the sputter target had the
desired Sr/ND ratio of the films, it was used as a standard reference material. Therefore, relative
sensitivity factors acquired from XPS measurements of an air-cleaved SroNb,O7 target prior to any
deposition were used to determine the Sr and Nb composition of the sputter deposited films. The
survey scans for each sample are shown in Figure 5-7(a). The spectra of the most intense peaks,
namely the O Ls, Sr 3d, and Nb 3d core level peaks were examined and are shown in Figure 5-7(b-
f). The total integrated intensity of the Sr 3d and Nb 3d core level peaks were quantified after
background subtraction using relative sensitivity factors derived from high resolution XPS scans
of the Sr;Nb,O7 sputter target to verify the St/Nb ratio. The details of the elemental composition in

the measured films are given in Table 5-2.



137

£
=}
o]
5
2
2
“9 1 1 1 1 1 1 1 1 1 1 1 1
£ 1200 1100 1000 900 800 700 600 500 400 300 200 100 0
Binding Energy [eV]
- T T T T T T T T
(b) Nb* 3d , Nb* 3d, ,
[ Data o N\ ~‘

- Fit

- Nb5+ 3dS/Z
Nb** 3d,,

Intensity [arb. units]

pd

g

w

o
Intensity [arb. units]
Intensity [arb. units]

216 212 208 204 200 145 140 135 130 125540 536 532 528 524
Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]

Figure 5-7: (a) Survey scans of SrxNbOs for three different film thicknesses. High resolution scans of the Nb
3d peak for (b) 23.2 nm, (c) 54.4 nm, and (d) 55.7 nm films containing doublets for each Nb valence state.
Symmetric doublets split by 2.72 eV with identical FWHM and an area ratio of 3/2 were fit to each peak. (e)
High resolution scans of the Sr 3d peak for each sample including the SrCO3 doublet from surface carbonates.
(f) High resolution scans of the O 1s peak for each sample with a slight edge due to an adsorbate layer
containing hydroxides and carbon at the film surface. Figure reproduced from reference.?®!

High resolution scans around the Nb 3d peak was found to be relatively complex as shown
in Figure 5-7(b-d). As Nb can assume different valence states resulting in chemical shifts, the Nb
3d spectra can contain contributions from Nb>*, Nb*", Nb**, and Nb*". Previous investigations on
SrxNbOs ceramics assumed that the Nb 3d spectra in SrxNbOj; were only composed of Nb*" and
Nb*;3%2 however, the edge at ~204 eV cannot be fit by these two valence states. To achieve an
acceptable fit of the entire high resolution Nb 3d XPS spectra, the contribution from the Nb** peak
was added as suggested by Demirer et al.,** as well as a contribution from Nb?". The presence of
Nb?* is unexpected since extremely reducing conditions would be required to reach this valence

state. One possible explanation relates to the formation of NbO in a rock salt phase due to high
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degree of Sr-deficiency.?”! While no NbO phases were directly resolved in STEM imaging, it is

possible that some NbO was formed near misfit dislocations instead of SrNb,Os. Nb** may also
arise from unexpected bonding relations with the absorbate layer at the surface. A similar Nb**
peak was observed in PLD grown films and was simply attributed to the presence of oxygen
vacancies.’® The ratio of O/Nb =3 for each film calculated from Table 5-2 suggests that Sr
vacancies are compensated by changes of the Nb valence state.

Table 5-2: Stoichiometry of the sputtering target and the Sr,NbOj3 films with the lowest and highest FOM.
All units are in atom percent.

Sample o/a. O Content Sr Content ~ Nb Content  Sr/Nb Ratio
Sr>Nb,O7 Target N/A 61.7+0.5 18.9+0.5 18.9+0.5 1.00 +0.03
SrNbOs: 23.2 nm 0.013 61.8+0.5 16.8 £0.5 21.5+0.5 0.78 £0.03
SrNbOs: 54.4 nm 0.060 61.8+0.5 14.8+£0.5 23.4+0.5 0.63 £0.03
Sr,NbOs: 55.7 nm 0.063 62.2+0.5 17.4+£0.5 20.7+£0.5 0.84 £0.03

High-resolution scans of the Sr 3d peaks shown in Figure 5-7(f) for each sample primarily
consisted of the Sr 3d doublet expected for SrO with a small doublet arising from SrCO; formed
by the an absorbate layer on the surface. Finally, the scans of the O 1s peak for each sample is
shown in Figure 5-7(e). This peak was observed at a binding energy of 530 eV for all samples with
a slight asymmetry at the higher binding energy side attributed to the presence of carbon-oxygen
bonds and hydroxyl groups that were expected to originate from the adsorbate layer present due to
exposure of the films to atmosphere before XPS.

The films with the highest and lowest FOM had St/Nb ratios of 0.84 = 0.03 and 0.78 = 0.03
respectively which is consistent with the expected stoichiometry of 0.8 interpolated from the
unstrained lattice parameter extracted from XRD. However, the film with the second highest FOM
had a significantly smaller Sr/Nb ratio of 0.63 £+ 0.03. This significant difference suggests that a
higher Sr vacancy concentration cannot directly be correlated with improved optical and electrical

performance.
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5.2.5 Theoretical calculations

Following the theoretical calculations of stoichiometric STNbOs deposited by PLD in
Chapter 4, DFT was further performed on Sr deficient STNbO; by Dr. Arpita Paul and Prof. Turan
Birol of the University of Minnesota. This work was performed based on density functional theory
within full-potential projected augmented wave (FP-LAPW) with the localized orbitals method as

260

implemented in the Wien2k package.”®” DFT calculations were implemented using a 2x2x2

supercell of SINbOs with 1, 2, and 3 Sr atoms removed, reflecting a Sr content of x=0.875, 0.75,
and 0.625, to clarify how Sr vacancies in SrxNbOj affect the optical properties. Muffin tin radii of
Nb, Sr, and O were chosen to be 1.98, 2.50, and 1.80 Bohr respectively. In the interstitial region,

plane wave expansion of the wavefunction was truncated at Ry Kpyqx = 7 to ensure convergence

of energy eigenvalues, where RJ" is the smallest atomic sphere radius and K,y 4, is the cutoff on

the wave vector of a plane wave. Local density approximation was used to treat the exchange-
correlation functional. The complex dielectric function was then computed within random phase

approximation using 30,000 k-points.>>
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Figure 5-8: Band diagrams and density of states (DOS) for SrxNbO; where (a) x =1, (b) x =0.875, (c)
x=0.75, and (d) x =0.625. The level of Sr deficiency was modeled in a 2x2x2 supercell removing 1
(x=.0875), 2 (x=.075), and 3 (x=0.625) Sr atoms. Figure reproduced from reference.?®!

The band diagrams and the corresponding density of states for x = 1, x = 0.875, x =
0.75, and x = 0.625 are shown in Figure 5-8(a-d) respectively. Note that the band structure in
Figure 5-8(a) is more complex than the one shown in Figure 4-1(a) since it was calculated on a
supercell to capture randomly placed Sr vacancies in subsequent calculations. As Sr vacancies
increased, the energy separation between the valance and the conduction band decreased. It can
also be noted that the overall widths of the bands making up the Sr d, Nb e,, and Nb 7., decreased
as Sr vacancies increased. Note that in the case where two Sr atoms were removed from the
supercell (x = 0.75), the cell no longer had cubic symmetry and was reduced to either Im-3m or

P4/mmm depending on the position of the vacancies (Im-3m is shown here).
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Figure 5-9: (a) The refractive index n and (b) the extinction coefficient k for Sr,NbO3 samples of various
thicknesses. (c) The averaged refractive index n and (d) extinction coefficient k for the experimental values
compared to DFT calculations for various Sr concentrations x in SryNbOs. The shift of the Nb #2, to Nb e,
absorption peak from 2.6 eV to higher energies as x increases is highlighted. Figure reproduced from
reference.?®!

To better quantify the effects of introducing Sr vacancies, the optical constants were
calculated from the corresponding band diagrams. Figure 5-9(¢) and (d) demonstrate the trends of
n and k calculated by DFT with increasing level of Sr deficiency compared to the averaged
experimental n and k. Three distinct trends were observed in k with increasing Sr deficiency: (1)
the Drude tail shifted towards lower energies into the IR, (2) the interband absorption edge shifted
to lower energies, and (3) the interband transition at 2.6 eV disappeared. Each trend is detailed as
follows.

1. The shift in the Drude tail was due to the decreased DC conductivity as the Sr deficiency
decreased the free carrier density, i.e., the occupation of the 5, state (see Figure 5-8). The

Drude tail of the measured & was well-aligned with the calculated curve for x=0.75 which

closely matched the experimentally measured x of 0.63 to 0.84.
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2. The absorption peak composed of O 2p to Sr 4d and O 2p to Nb e, interband transitions

calculated at about 6 eV for stoichiometric films showed an even larger red shift by over 1
eV. The large amount of Sr vacancies caused an electronic imbalance which resulted in an
up-shift of the O 2p valence bands to higher energy (see Figure 5-8). The reduction of the
O 2p —Nb 4d (Sr 4d) gap qualitatively explained the red shifting of the interband absorption
peak. Considering the effects of lattice relaxations, electronic correlations, and disorder
into the DFT calculations quantitively alter the p — d gap with the red shift of the absorption
peak. It should be noted that since band gaps are underestimated in DFT, it is reasonable
that the experimentally measured absorption edge is at higher energies.>*

3. Finally, the Nb #; to Nb ¢, interband transition theoretically predicted at ~2.6 eV for
stoichiometric films by DFT was found to decrease with increasing Sr deficiency, which
indeed was absent in the experiments. It is remarkable that the localized trap states of Sr
vacancies suppressed the interband transition at 2.6 eV because typically trap states
typically give rise to a larger absorption coefficient at lower energies, resulting in a higher
k and lower optical transmission.

These calculations support the presence of a sizeable concentration of Sr point defects in the
films. The small interband transition peak at ~2.6 eV for stoichiometric films (x=1) was not found
experimentally; however, a transition around ~4 eV can clearly be resolved for three Sr,NbOs films
as seen in the absorption coefficient in Figure 5-6(c). It is likely that the interband transition at
~2.6 eV for x =1 continues to move to higher energies as the Sr vacancy concentration increases
but is hidden behind the large O 2p to Sr 4d and O 2p to Nb e, interband transition peak that was
red-shifted and widened due to a higher degree of Sr deficiency. The position of this interband
transition could potentially be used as a metric for the cation stoichiometry in SrxNbQOj. This
absorption peak likely arises due to a transition below the Fermi energy in the Nb ¢, band to the

bottom of the Nb ¢, band between the I and X points. The combination of these effects provides
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another avenue to further optimize the optical transparency of SryNbO; without sacrificing

electrical conductivity simply by adjusting the level of Sr vacancies in the film.

5.3 Growth of epitaxially strained SryNbO3 on KTaO;3

Following the growth of SrxNbO3 on LSAT using RF sputtering, growth on other substrates
was investigated to verify its integration with other materials. First, to form a better comparison
with the coherently strained films investigated in Chapter 4, SrxNbO; was deposited on KTaOs.
Deposition conditions were identical to those on LSAT; therefore, the stoichiometry was expected
to be the same. Assuming an intrinsic lattice parameter of 4.000+0.005 A arising from 20% Sr
vacancies as characterized in Chapter 5.2.1 for SryNbOs on LSAT, epitaxial deposition on KTaO;

a=3.989 A) was expected to result in a 0.27% compressive strain.
( p p
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Figure 5-10: RHEED images of SrxNbO; on KTaOs along the (a) (100), (b) (110), and (c) (210) azimuths.

(d) AFM micrograph of SryNbO; on KTaO; with an RMS roughness 0.47 nm. (e) High resolution 26-® X-

ray scan of the Sr,NbO3 002 film peak with thickness fringes confirming the atomically smooth interfaces.

(f) X-ray reciprocal space map around the -103 diffraction peak, showing the coherently strained film peak.
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Post-growth RHEED images at room temperature are shown in Figure 5-10(a)-(¢). Overall,

the RHEED patterns for SrxNbO3; on KTaO; were much sharper and more well defined than films
grown on LSAT, indicating an increased crystallinity and lateral coherency of the film surface.
This increased lateral coherency was attributed to an absence of threading dislocation due to the
minimal lattice mismatch between KTaOs and SrxNbOs. Similar to films grown on LSAT, a 2x
reconstruction was observed along the (100); however, the reconstruction on the (210) azimuth
was not observed here. The surface morphology was further characterized using AFM, as shown
in Figure 5-10(d). The RMS roughness was found to be 0.47 nm, similar to films grown on LSAT.
A high resolution 20-@ XRD scan around the 002 diffraction peak of the KTaO; substrate is
depicted in Figure 5-10(e). Here, the SrxNbO; film peak was observed to form the shoulder on the
side of the substrate peak. Even in the presence of strong Kiessig fringes which indicated atomically
smooth interfaces, no reasonable fit could be made using GenX. Instead, the thickness of the film
was estimated to be 22 nm using the growth rate of films on LSAT as well as the distance between
adjacent Kiessig fringes. The coherent epitaxial arrangement was further verified by measuring a
RSM around the asymmetric KTaOj; -103 diffraction peak which is shown in Figure 5-10(f).

The performance as a transparent conductor was then verified by characterizing the
electrical resistivity and optical constants. The resistivity was measured to be 2.36x10* Qcm
corresponding to a sheet resistance of 107.1 Q/sq. An additional, thicker film (54 nm) was found
to have a resistivity of 1.98x10* Qcm and an R of 36.5 Q/sq. Example fitting parameters for the
measured ellipsometric spectra of these films are shown in Table 5-3. Note that the optical fitting
resulted in an estimated film thickness of 16.5 nm; however, a film thickness of 22 nm was used

for all comparisons.
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Table 5-3: Oscillators for fitting Sr,NbO; on KTaO3 substrates with optically determined thickness and
surface roughness in the spectral range from 1.24 eV to 6.46 eV.

Nominal Optical Surface

Thickness (nm) Thickness (nm)  &ofret Roughness (nm)

22.0+0.5 16.47 +0.104 2.285+0.0312 0.53 £0.159

Oscillator p (nQcm) T (fs)

Drude 258.70 £ 0.05 1.379+0.019

Oscillator Ey (eV) A T (eV) E; (eV)
UV Pole 6.928 +0.068 6.9090 + 1.0041

Lorentz 2.2800 £ 0.0052  0.72624 + 0.02250 0.5618 +0.0243

Lorentz 4379 +£0.0590  0.50426 +0.02777 1.4076 +0.10878

Cody-Lorentz 4961 £0.0194  34.714 £ 0.5904 2.131+0.0188 4.322 +0.007

The optical constants, » and k, for films with comparable sheet resistances grown on LSAT
and KTaOs are compared in Figure 5-11(a) and (b) respectively. Films grown on both substrates
had nominally the same n; however, k£ for the film grown on KTaO; was found to extend further
into the UV, suggesting an improved optical transmission. This improvement is further observed
in the optical absorption shown in Figure 5-11(c) as well as the optical transmission in Figure

5-11(d).
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Figure 5-11: The optical constants (a) n and (b) &, (c) the absorption coefficient o, and (d) the optical
transmission for SrxNbOs films with comparable R; grown on LSAT and KTaOs. (¢) UV transmission at a
wavelength of 280 nm as a function of sheet resistance of sputtered SrxNbOs films compared to other
transparent conductors. The dotted lines are constant figure of merit 6/a. lines in units of Q.

The films grown on KTaO; were then added to the FOM comparison plot shown in Figure
5-6(e), updated here in Figure 5-11(e). Films grown on KTaO3; were found to have considerably
higher optical transmission at 280 nm compared to SrxNbO; grown on LSAT, SrVOs, and ITO
films with comparable sheet resistances. This large improvement was attributed to the increased
crystallinity enabled by the favorable epitaxial arrangement on KTaOj3, minimizing defects other
than those from the expected nonstoichiometry. This improvement placed the films grown by RF
sputtering in line with those grown by PLD, suggesting that either films grown by PLD were Sr
deficient or Sr deficiencies alone do not significantly reduce the performance of STNbO; as a

transparent conductor.



5.4 SriNbO; as a bottom electrode for SrTiQs/Si based structures W

In addition to applications as a transparent conductor, SrxNbOs offers many opportunities
as a highly conductive bottom electrode for a host of electronic devices such as capacitors, field-
effect transistors, and piezoelectric devices. While conducting, single crystal substrates such as Nb
doped SrTiOs exist, they are not scalable to large size wafers. In industrial applications, Pt (111) is
widely used as a bottom electrode material due to its low resistivity and straightforward integration
with silicon wafers using either a TiO, buffer layer or a thermally grown native oxide layer.39"3%
Unfortunately, the orientation and lattice parameter of Pt (111) is not suitable for epitaxial growth
of most perovskite materials. Recently, it was shown that SrTiO; could be epitaxially integrated on
large scale silicon wafers at high growth rates using ZAMBE.???3!° This development offers a
platform for integrating conducting perovskite materials into silicon based devices. While the
lattice mismatch between SrTiOs/Si substrates (a=3.93 A) and SriNbO; (a=4.00 A for x=0.8)
results in a compressive strain of 1.7%, films grown on LSAT (3.4% tensile strain) remained highly
conductive. The tunability of SrxNbOs’s lattice parameter by changing the Sr vacancy concentration
is an added benefit for engineering epitaxially matched substrates. This effect could further be
developed by using a solid solution of SrTiO3 and CaTiOs or BaTiOj3 as a buffer layer to the silicon

wafer.
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Figure 5-12: RHEED images of a SrTi0Os/Si substrate and a SryNbOj3 film along the (a) (100), (b) (110}, and
(c) (210) azimuths. (d) Wide angle 26-» X-ray scan of the SrxNbO3 and SrTiOs3 film peaks in comparison to
the Si substrate 004 peak. Inset is a high-resolution scan demonstrating the presence of thickness fringes
confirming the atomically smooth interface between SrTiO; and SryNbOs. (¢) AFM micrograph of the
SrNbO; film with an RMS roughness 1.3 nm.

In this study, a 40-nm-thick SryNbO; film was deposited on a 50-nm-thick SrTiOs/Si
substrate using the same experimental conditions outlined in Section 5.2; therefore, an intrinsic
lattice parameter of 4.00 A was expected. RHEED images of the substrate are shown in comparison
to the as grown film along the (100), (110}, and (210} azimuths in Figure 5-12(a)-(c). The SrxNbOs
film was observed to have a spotty RHEED pattern with some small polycrystalline rings indicating
domains were present in the film. The film was then structurally characterized using XRD. A wide
angle 20-o X-ray scan of the SrxNbOs and SrTiOs film peaks in comparison to the Si substrate 004
peak is shown in Figure 5-12(d) where only the expected diffraction peaks were present. A high-
resolution scan around the 002 peaks of SrxNbOs and SrTiOjs is inset where Kiessig fringes around
the SrxNbO; film peak indicated that the film had high quality interfaces. Finally, the surface
morphology determined using AFM as shown in Figure 5-12(¢) where an RMS roughness of
1.3nm was extracted. The electrical resistivity was then determined to be 7.8x10* Qcm,

corresponding to an R, of 195 Q/sq. Even though the electrical properties were found to be lacking
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compared to films grown on LSAT and KTaOs, bottom electrodes do not face the same thickness

limitations as transparent conductors; therefore, the sheet resistance can be further decreased simply
by growing thicker films. In addition, further optimization could be done to improve the crystalline
quality of films grown on SrTiOs/Si. For example, SrTiOs/Si substrates could be transferred in-situ
immediately after growth to prevent any degradation of the growth surface. In addition, the
epitaxial mismatch could potentially be reduced by increasing the Sr vacancy concentration in

SrxNbOs.

5.5 Concluding Remarks

In summary, SryNbQO; thin films were grown by RF sputtering and were found to assume
the perovskite phase. The presence of various defects observed in STEM had surprisingly little
impact on the room temperature resistivity and optical properties. Films grown on KTaO3 were
found to have comparable properties to those grown by PLD, demonstrating a maximum
transmission of 94% at a wavelength of 280 nm with a resistivity of 2.36x10* Qcm. Films grown
on LSAT were found to have a slightly lower performance with a transmission of 86% at a
wavelength of 280 nm with a resistivity of 3.2x10* Qcm. The favorable electrical and optical
properties were barely degraded compared to PLD grown films and were found to be very robust
against large amounts of A-site vacancies. First-principles DFT calculations revealed that large
amounts of Sr vacancies caused a red shift of the O 2p to Nb e, absorption peak and decreased the
intensity of the Nb 7, to e, absorption peak, in excellent agreement with the experimentally
observed trends in Sr deficient SryNbO;. This work demonstrates the technologically vital ability
to sputter deposit correlated transparent conductors ideally suited for UV applications and opens
opportunities for increasing the scalability of these materials and potentially enable increased

output efficiency of UV LEDs.



Chapter 6: Interplay between disorder and electronic transport in SrvO;

The following section is adapted from work in preparation for journal submission by Roth, ef al.

The sensitivity of electron interactions to defects, chemical composition, and external
stimuli makes it challenging to experimentally verify theoretical models and predictions of
correlated oxides. This sensitivity necessitates highly crystalline, stoichiometric films for the study
of intrinsic effects arising from electron correlation. Unfortunately, this is easier said than done.
The growth of complex, multicomponent correlated materials is inherently problematic, making it
difficult to minimize defect concentrations. In particular, even though SrVO; has long been a
testbed material to refine theoretical frameworks and develop numerical techniques, traditional
material synthesis techniques have not yielded samples of sufficient quality to verify predictions.
SrVO; has been grown using bulk synthesis,*!!?!? RF sputtering,?”” Pulsed Laser Deposition
(PLD),*317 and AMBE.!®!"” Thin films using traditional thin film growth methods have only
attained a maximum residual resistivity ratio (RRR) of ~11,%!>3!8 likely due to the high energy
nature of PLD and sputter deposition or due to lower purity precursors, while bulk materials have
reached RRR values of ~56.72° These traditional techniques have recently been superseded by the
development of hybrid molecular beam epitaxy which has enabled the growth of SrVO; films with
RRRs in excess of 200 largely owed to the precise control of stoichiometry through a self-regulated
growth mode. '’

Here AIMBE was utilized to synthesize a wide range of SrVO; thin films with RRR values
stepping from the ultraclean to the disordered limit to investigate the effect of disorder and
anisotropic, k-dependent scattering times on the transport properties of itinerant carriers with

sizeable electron interaction. An electronic phase diagram of SrVOs; was experimentally
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determined from films with a wide range of defect concentrations by extracting the exponent n of

the temperature dependent resistivity. Aside from hopping transport in the highly disordered limit,
a robust T? dependence - an indicator that itinerant carrier scattering is dominated by electron-
electron interactions - was found at low temperatures up to 20 K irrespective of the degree of
disorder. The resistivity scaling at room temperature was found to vary with defect concentration,
ranging from nearly n=2 in the ultraclean limit to n=3/2 in the highly disordered limit.
Comprehensive Hall analysis unveiled a slight nonlinearity, attributed to a multicarrier transport
behavior present in the films. The transport channel carrying the characteristics of a Fermi liquid
behavior at low temperature has been identified along with a transient regime between 20 K and
100 K with exponents n>2. Correlating the temperature dependent Hall coefficient and prefactor
Aee of the low temperature T? transport regime provides new insights into the role of anisotropic
scattering and disorder in correlated electron systems by offering a simple interpretation of the
prefactor A.. over the entire range of carrier densities in correlated electron systems and unveiling
that not only disorder and carrier density, but also anisotropic scattering time strongly affects the

prefactor.

6.1 Temperature Dependent Resistivity Scaling in SrVO;

To investigate the scaling mechanisms in SrVOs;, it was first vital to examine the
temperature dependent resistivity for samples with varying levels of disorder. This necessitated
unambiguous fitting of the temperature dependent resistivity parameters, namely the scaling factor
n of the temperature dependent resistivity and the temperature dependent scaling prefactor 4, given
by p(T) = po + A, T™. Simple polynomial fits are commonly employed to extract n and 4,;
however, this fitting requires the primary scattering mechanism to be dominant over a wide range

of temperatures, ideally over several hundred degrees, to obtain a robust fit and minimize ambiguity
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in the interpretation of results. In cases where a specific transport regime dominates in a smaller

. . . . . . . d
temperature interval, resistivity scaling behavior can be identified more robustly by plotting d_Tp" as

. . . . dp .
a function of T and modulating the exponent n such that a temperature region with constant ﬁ 1S
found. This method deconvolutes the scaling regime determination by eliminating the dependence
on the temperature independent residual resistivity p, and provides a highly sensitive determination

of the exponent n.
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Figure 6-1: dp/dT" vs T plots for an ultraclean sample (RRR=187), an intermediate sample (RRR=57) and a
disordered sample (RRR=4) with different scaling factors, n, demonstrating the distinct deviation from 77
scaling at high temperature for all samples investigated and this method’s sensitivity to determine the proper
scaling factor n.

The fitting of the high temperature resistivity for three respective StVO3 samples is shown
in Figure 6-1 for n=2.0, 1.8, and 1.5. The cleanest sample, RRR=187, displayed a reasonable
agreement for n=2.0 in the temperature range of around 150K-200K; however, the tendency to
decrease at higher temperatures and the formation of an arc-like deviation from a constant line

indicate that the choice of 2.0 for the exponent was too high. Scaling factors of n=1.9 or 1.8, as
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shown in Figure 6-1, had a much better agreement over a wider range of temperatures. Choosing

an exponent that is too small, such as n=1.5, resulted in a much smaller linear region. Similar trends

were found for the sample with RRR=56 and the highly disordered sample (RRR=4). While n=2.0

. . C e . d
provided a relatively poor agreement to a constant resistivity slope d—fn, exponents of n=1.8 and

n=1.5 yielded regions with constant slope in the same temperature interval of T>150 K seen for the
cleanest sample. This fitting procedure was completed on all 26 samples in the disorder series, as

shown in Figure 6-2.
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Figure 6-2: dp/dT" vs T plots for the high temperature region of all samples. Note the change in y-axis scale
as n decreases.
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While n=2.0 scaling at high temperatures has previously been reported for SrVOs, albeit

using the less suitable polynomial fit, all samples in this study were found to have n<2.0.2*?
Ultraclean samples revelated the largest exponent of n=1.9, which was somewhat reduced to n=1.8

at around a RRR of 56, which further reduced to n=1.5 in the disordered limit.
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Figure 6-3: dp/dT" vs T plots for the low temperature region of all samples. All samples were found to have
linear regions at temperatures below 25K with the exception of the most disordered sample.

In addition to the high temperature limit, the resistivity scaling behavior at low
temperatures was also investigated to confirm the presence of a low temperature Fermi liquid phase

with a T? scaling. The scaling for all samples is shown in Figure 6-3. All SrVO; films investigated
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here showed the expected n=2 scaling law dependence at low temperature up to ~20 K with the

exception of the most disordered sample with RRR=4 where no uniform scaling could be resolved.

While this derivative fitting is the ideal method for analyzing temperature dependent
resistivity, it is highly susceptible to noise; even careful experimental measurements can lead to an
amplification of noise in the data. To further confirm the results extracted from derivative fitting,
Ae. and n for the Fermi liquid phase were determined using Random Sample Consensus (RANSAC)
fitting of Ap as a function of T2, shown in Figure 6-4.>'° Using the previously determined regions
as starting points, linear regions below 100 K were determined using the RANSAC algorithm with
a residual threshold of 5x10°'° and 10000 trials. This fitting allowed an unambiguous determination
of the endpoints of the Fermi liquid phase when increased resistivity due to localization set in at

low temperatures.
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Figure 6-4: Plots of Ap as a function of 7% where linear regimes designate where the resistivity follows a 7°
dependence. Linear regions were determined using the Random Sample Consensus (RANSAC) algorithm
using a residual threshold of 5x107'% and 10000 trials. Points that lay in the 7% region are labeled in blue while
outliers are red.

Finally, polynomial fits of the temperature dependent resistivity for eight respective
samples were performed as a comparison to the derivative fitting and are shown in Figure 6-5.
These simple polynomial fits were limited to the regions determined from the derivative fitting to
prevent any inclusion of the higher order scaling regime at intermediate temperatures. The disparity
between both fitting methods is shown in Figure 6-5(i) where the derivative fits consistently yielded

slightly lower values of A..



157

(a) T T _I T T T j T T T T _I T T (b) 25 T T _I T T T - T T T T »I T T (C) 40 [ T T _I T T T ) T T T T _I T T i
25 y=-1.02x10%+2.91x10"% g y =-7.28x107+2.33x10"0x2 | y =-1.17%10+ 4.21x10°°x2
I 20} g 1
20+ - 30+ 4
— 1= 15¢ -
£ 151 1% | 18,
ERN 12 10} 18
Q Q L ] o
5| RRR=187 1 sk RRR=158 ] 1or T
or m—Y = 1.34%107+ 6.17x10% ] or T, Y= 1.22¢107+ 4.01x101%¢ ] or Ny y:?9"57".10'7+.7'42’.‘1°'“?‘2_
0 100 200 300 0 100 200 300 0 100 200 300
TIK] TIK] TIK]
(d) T T T T T T T T T T T T T (e) T T T T T T T T T T T T T (f) T T T T T T T T T T T T T
sk =-8.43x107+ 3.56x10"°x2 4| " 30 =-3.36x107+ 3.25x101%2 ] [ y=8.96x107+ 3.68x10"0x2
E 20} i i
O
¢
e
Q -
10} i
or Y = 3.46x107 + 5.60%101x2 oF .
1 n 1 n 1 L 1 " 1 " 1 N 1 1 n 1 n 1 L 1 " 1 " 1 n 1 1 n 1 n 1 n 1 L 1 n 1 L 1
0 100 200 300 0 100 200 300 0 100 200 300
TIK] TK] 5 TIK]
(@ [T T T T T T T T](h) LA KO T T T 7 THT Derivfit m
- -6 -10y2 = -6 -10y,2
al y =2.63x10%+ 3.85%x1010x 40 Yy =5.76x10°+ 3.93x101% | 3 o |LTDerivt o
| Y N HT Poly fit a
5 A A |LTPolyfit v
— 30F 1% =" 4%
g 18° L
g 1s n
< 20 e ot R
<
10 b 1F . 4
0 1 L | I | 1 1 1 1 L 1 0 1 1 1 PR NS B 1 1 1 1 1 0 1 L 1 1 1 1 ‘I
0 100 200 300 0 100 200 300 2.0 25 3.0 35
TIK] TIK] n[102cm|

Figure 6-5: (a)-(h) p vs T plots for the eight respective films with corresponding polynomial fits for the high
and low temperature 77 regions. (i) Comparison of the scattering prefactor A.. fit using derivative and
polynomial fitting.

The different types of temperature dependent resistivity fits were then combined to
generate a temperature-disorder scaling phase diagram for SrVOs, shown in Figure 6-6. All samples
were found to have a robust T? dependence at temperatures up to ~20 K, irrespective of the level
of disorder. While previous studies employing the simply polynomial fit on SrVO; thin films with
RRR<12, categorized here as highly disordered, demonstrated a T? dependence up to

300 K 318320321 the improved method employed here enabled the identification of a T?> dependence
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between 10-20 K for samples with RRR<20 before it was fully obscured by the onset of localization

and increase of the resistivity at low temperatures due to the elevated level of disorder, likely due
to Anderson localization.*?? This clear T? scaling at these low temperatures is indicative of Fermi
liquid behavior similar to that seen in many transition metals and other complex oxide systems such
as SrTi05'% and La,«SrxCuO4,*** where some combination of Umklapp and Baber scattering were

the dominant relaxation mechanisms for inelastic electron-electron scattering at low temperatures.

100

T[K]

0 50 100 150 200
RRR

Figure 6-6: Phase diagram outlining the resistivity scaling regions for SrVOs as a function of RRR and
temperature. The scaling for the high temperature strange metal phase is indicated by a gradient from n=1.5
(purple) to n=1.9 (blue). Orange indicates the low temperature fermi liquid phase and green indicates the
onset of localized transport behavior.

At temperatures exceeding 20 K, the T? resistivity behavior of all films changed to a larger
exponent before re-entering into the constant resistivity slopes with different exponents at
T>150 K, termed the ‘transient regime.’ In this temperature regime from about 20 K to 150 K, no
resistivity scaling law could be identified using the fitting methods described above, signifying that

multiple different momentum relaxation mechanisms concurrently contributed to the resistivity and
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no particular contribution dominated at these temperatures. Above 150 K, all samples resumed

displaying distinct scaling regimes with exponents ranging from 1.9 in the ultraclean limit to 1.5 in
the disordered limit. The transition from the n=1.8 to the n=1.5 scaling law occurred at a RRR of
10, aligning with the onset of the localized transport behavior at low temperatures. As the Debye

temperature in SrVO; is 350 K432

it is to be expected that the resistivity shows a linear
temperature dependence (p~T) since phonon scattering is expected to be the dominant contribution.
Instead, the observed scaling appeared to be a combination of two comparable contributions, from
electron-phonon scattering as well as electron-electron scattering with T and T? dependences
respectively. The fact that phonon scattering did not dominate the transport characteristics at room
temperature not only indicates that a sizeable electron-electron interaction still persists at these
temperatures, but also that SrVO; has abnormally high A.. In this regard, the change of the
exponent from n=1.9 in the ultraclean limit to smaller values with decreasing RRR values is an
indication that disorder reduces the magnitude of A. by directly reducing the likelihood of
momentum relaxing scattering phenomena, or by weakening the electron-electron interaction
strength and therefore reducing the number of quasiparticles present in the system. This observation
that quasi-particles are still present at such high temperatures conflicts with the expectation that the
electron quasiparticles become ill-defined at high temperatures; therefore, we only indicate that an
additional higher order scattering was present at elevated temperatures which is not understood at
this point. While a T resistivity scaling law is commonly used as a hallmark of Fermi liquid phases,
different transport mechanisms and phenomena not considered can also display similar,
indistinguishable resistivity scaling. Due to these observations, we classify the room temperature
transport of SrVOs as that of a strange metal while a robust Fermi liquid phase can be identified at

low temperatures.



160
6.2  Origin of the transient resistivity scaling behavior

To investigate the role of carriers on each scaling regime, in-depth Hall effect analysis was
performed on eight respective samples with different degrees of disorder. The measured Hall
resistance, R.y, as a function of transverse magnetic field and temperature is shown in Figure 6-7(a)-
(c) for an ultraclean, an intermediate, and a disordered sample, respectively. The presence of
multiple carrier transport was immediately evident from the nonlinearities observed in all samples,
which can be best seen by plotting dR.,/dB, shown in Figure 6-7(d)-(f). All samples exhibited a
negative slope in R,, indicating that the primary carriers were electrons at all temperatures. The
slope of Ry, was found to have a significant temperature dependence for all samples with RRR

greater than 27.
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Figure 6-7: Temperature dependent transverse Hall resistance and first derivative density plots as a function
of temperature and disorder for (a,d) ultraclean SrVOs, (b,e) intermediate SrVOs, and (c,f) highly disordered
SrVO;.
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At temperatures exceeding 100 K, dR.,/dB was linear for all samples, indicating that the

electric conduction was dominated by a single transport channel. Below this temperature, all films
were observed to have distinct nonlinearities arising from multiple carrier channels. These
nonlinearities were highly dependent on temperature and disorder, indicating variations in each
carrier channel’s contributions to the electronic transport. For the ultraclean samples, a flattening
of the Hall slope around 0 B-field between 100 K and 30 K evolved, which became more
pronounced with decreasing temperatures, indicating a sizeable contribution of a hole channel to
the total electrical conductivity. This flattening resulted in the formation of a peak in the dR,/dB
plot shown in Figure 6-7(d). Below 30 K this peak split, creating a minimum at 0 B-field, signifying
the emergence of an additional electron channel. While the presence of three carrier channels has

242 it was found here that these multicarrier

previously been observed for ultraclean samples,
transport features can be observed in SrVO; with RRR values as low as 50. These nonlinearities
were quantified here by separating the contributions from three noninteracting carrier channels

using multicarrier fitting as detailed in Appendix B and extracting each channel’s carrier

concentration and mobility, shown in Figure 6-8.
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secondary electron channel e», and (c) the hole channel p. Resistivity scaling regions outlined in Figure 6-6
are overlaid.

At temperatures above ~120 K, the electronic transport was entirely driven by the primary
electron carrier, e;, shown in Figure 6-8(a). The carrier concentration of this primary carrier, 7.,
was observed to reach a maximum of 3.5x10? ¢m™ in the ultraclean limit of the strange metal
region and decrease to 2.5%10%? cm™ in the disordered limit. Depending on the degree of disorder,
very different temperature dependent behaviors were found for n.,. For films with RRR>25, a
strong temperature dependence was found with 7., decreasing to a minimum value of 7x10*! cm™
while those films with RRR<25, n.; had a minimal temperature dependence. This temperature
independent region was well aligned with the onset of the low temperature insulating region in

Figure 6-6. The mobility for the e; channel, shown in Figure 6-8(d), was found to be ~10 cm?V-'s’
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I'at room temperature irrespective of disorder. The temperature dependence followed the trends of

the carrier concentration where ultra-clean samples reached ~3700 cm?V-'s"! while samples in the
disordered limit (RRR<25) only increased to a maximum of 100 cm?V-!s!,

The secondary electron channel e, became apparent at temperatures below 50 K for films
with RRR>40, aligning with the Fermi liquid regime as shown in Figure 6-8(b) and (e). The carrier
concentration of this channel was found to be roughly a factor of three smaller than the primary
electron channel. Conversely, the mobility was considerably larger, reaching up to ~12200 cm*V-
!s'lin the ultraclean limit. Finally, the hole channel p shown in Figure 6-8(c) and (f), was observed
to be present in all samples with RRR>50 up to a maximum temperature of ~150 K. The carrier
concentration for this channel was found to be nearly two orders of magnitude less than the primary
electron channel, n;. In addition, the mobility for samples with RRR>75 followed the same trend
as the primary electron channel. The mobility for samples with RRR>75 followed the same trend
as the primary electron channel, increasing at low temperatures to a maximum value of 3300 cm?V-
', Three key results were drawn from this multicarrier fitting:

e The strange metal phase is associated with the primary electron channel while the transient
and Fermi liquid phases arise from contributions from multiple carrier channels.

e All three channels were present inside the Fermi liquid regime, signifying that there was
strong anisotropic scattering which enabled a significant momentum relaxation from Baber
scattering. For each sample, the relative contributions from each channel remained constant
until the disappearance of the second electron channel, marking the transition from the
Fermi liquid region to the transient region. This suggested that the T? resistivity dependence
from Baber scattering coincided with the existence of two well-defined electron channels
whose components were constant. These observations further suggested that the secondary
electron channel should have persisted to lower RRR values, but became indistinguishable

from the primary electron channel in the disordered limit.
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¢ In the transient regime the carrier concentrations and mobilities of each channel rapidly

changed with respect to each other as the temperature increased. These drastic relative
changes altered the scattering cross section as a function of temperature, disallowing any
region of constant scaling to be resolved. The scaling in this region was further complicated

by a linear contribution from phonon scattering closer to the Debye temperature.

The robust existence of a Fermi liquid phase at low temperature, its dissipation at
temperatures exceeding 20 K, and the stabilization of an anomalous scaling region at high
temperature were all expected to arise from the intricate multicarrier transport stemming from
SrVOs’s complex multi-sheet Fermi surface shown in Figure 6-9. The complex Fermi surface of
SrVOs is made up of three, non-intersecting Fermi surface sheets derived from the 7, orbital
manifold. The outer sheet has a ‘jungle gym’ type structure formed by the intersection of three
perpendicular cylindrical surfaces. The middle and innermost surfaces lie entirely within the first
Brillouin zone and can be approximated by cubes with ‘faceted’ and ‘rounded’ edges, respectively.
These surfaces and their k-dependent Fermi velocities were calculated using DFT by Prof. Turan
Birol. Fermi velocities for the ‘jungle gym’ surface were in the range of 3.7x10” m/s to 5.1x107 m/s,
while somewhat larger velocities ranging up to 5.4x107 m/s were calculated for the two inner Fermi
surface sheets. The lowest velocities were found for Fermi wave vectors pointing along the (111)

direction.
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Figure 6-9: (a) Schematic of the first Brillouin zone containing SrVOs’s three Fermi surface sheets. Each
Fermi surface sheet mapped with (b) the k£ dependent Fermi velocity and (c) the Fermi surface curvature for
constant k; values. Reproduced from reference.?*?

In addition to the trends determined from the multicarrier fitting in the temperature range
from 20 K to 150 K, additional noteworthy observations were made for the temperature/disorder
phase diagram of SrVOs. The resistivity, shown in Figure 6-10(a), was observed to remain the same

order of magnitude across the strange metal phase and into the insulating regime at low
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temperatures. The degree of nonlinearity of the Hall resistance Ryy, quantified by the ratio of the

Hall resistance slopes at high and zero magnetic field shown in Figure 6-10(b), remained unity
above 100 K, indicating that a single charrier channel dominated transport in the strange metal
phase. In the transient regime, the degree of nonlinearity was larger than one, signifying the onset
of multicarrier transport, specifically the emergence of a hole transport channel. Below 20 K, the
nonlinearity remained above unity in the disordered limit but transitioned to values below unity in
the ultraclean limit, marking the formation of a secondary, high mobility electron channel that was

otherwise suppressed by disorder scattering.

Log(p) [Qcm] dR,,/dB(B=8)/dR,,/dB (B=0) (eRy)"I(eRy)" (T=300K)
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Figure 6-10: (a) The logarithm of resistivity, (b) nonlinearity of Ry, given as the ratio of the slope at high and
low field, and (c) scattering anisotropy given as the value of the inverse Hall coefficient (eRy)™' at low field
normalized to the value at room temperature as a function of temperature and RRR. Resistivity scaling
regions outlined in Figure 6-6 are overlaid.

In the case of strong anisotropic scattering such as that arising from multiple carrier
channels, the normal relation of the Hall coefficient to the carrier concentration is no longer valid
[(eRy)™! # n]. In addition, the effective mass of the individual carriers cannot be distinguished
from their k-dependent scattering time; therefore, we relate the general, sample dependent
scattering anisotropy to the inverse Hall coefficient. Using the 2D geometrical interpretation, the
2D Hall coefficient is entirely dependent on the scattering path length vector I(k) = 7i'vr, and the

shape of the Fermi surface where S is the circumference of the Fermi surface slice and A is the area
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traced by I(k) as outlined in Section 3.2.4.2 Expanding this expression to three dimensions by

integrating over all 2D slices gives:

2
1 [Z f lavky) “Skpidka]” (02

(eRy)™ 1= x
H 877,'2 ijAl,kZ,jde,j <T2>

Eq. 6.1

Combining all sample independent quantities arising from the Fermi surface geometry into
the constant term C, the Hall coefficient is shown to depend only on the ratio of the average
scattering time squared over the average of the scattering time squared. If the scattering time varies
on the Fermi surface, this ratio deviates from unity, making the temperature dependence of the Hall
coefficient in metals a direct measure of the degree of anisotropic scattering in the system. Note
that for Baber scattering to occur, the type of anisotropic scattering does not matter, only the
amount. In the high temperature limit, isotropic phonon scattering evenly redistributes the
scattering time providing a baseline isotropic value of the Hall coefficient. Therefore, the
temperature dependent inverse Hall coefficient, (eRn)", for each sample was normalized to the
room temperature value as shown in Figure 6-10(c). At high temperatures, near the strange metal
phase, carrier scattering was found to be entirely isotropic. In the disordered limit, the Hall
coefficient was not affected by temperature as it transitioned cleanly from isotropic phonon
scattering smoothing out any anisotropic scattering from the Fermi surface to isotropic defect
scattering at low temperatures. In the ultraclean limit, the Hall coefficient decreased with
temperature, signaling a transition to anisotropic scattering in the presence of dominant electron-
electron scattering. At low temperatures, the level of anisotropic scattering increased nearly linearly
with increasing RRR, allowing RRR to be used as a measure of anisotropic scattering for the
complete sample set. The robust nature of the low temperature Fermi liquid phase in addition to
the emergence of anisotropic scattering times with increasing RRR offers a unique opportunity to
study how anisotropic scattering and disorder affect the temperature independent scaling parameter

Aee.



6.3 The effect of anisotropic scattering on the scattering prefactor A.. 18

This measure of anisotropy coupled with a large sample set and a robust low temperature
Fermi liquid phase offers a unique opportunity to study how anisotropic scattering affects the
electron-electron scattering prefactor A... This relation is shown in Figure 6-11(a) where ultraclean
samples with a high degree of anisotropic scattering were found to have A.. on the order of ~7x10"
" QemK-? while those in the disordered, isotropic limit were lowered to ~2x10!'" QemK=2. This
large sample dependence of 4.. was primarily caused by anisotropic scattering due to the complex
Fermi surface geometry in SrVOs;. While normal electron-electron scattering (NEES) events
normally do not contribute to the resistivity, if the scattering time is k-dependent, NEES
redistributes electrons into regions of stronger electron scattering and effectively contributes to the
resistivity, enabling a large enhancement in Ae..'®* Once the impurity concentration reached a level
in which isotropic scattering was dominant, NEES events no longer contributed to the resistivity
and A.. decreased. In the ultraclean limit, significant uncertainties were present in 4... Even though
ultraclean samples were expected to be highly stoichiometric due to the self-regulated growth, the
remaining defects were so sparse that the type of defect may have drastically altered the amount of

anisotropic scattering, be it Sr, V, or O vacancies, leading to large deviations in A..
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Figure 6-11: (a) Sample dependence of the scattering prefactor A.. as a function of RRR. The blue line serves
as a guide for the eye. (b) The scattering prefactor 4.. normalized to A.. in the isotropic limit as a function of
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the ratio of the resistance arising from impurities to resistivity arising from anisotropic scattering. The red
line follows Eq. 6.2.

The trend of the scattering prefactor was further compared to anisotropic scattering
following the procedure used for simple metals such as copper, silver, and potassium.'®® The
scattering prefactor was first normalized to the experimental A, in the isotropic, or most disordered
limit, 4. The ratio of scattering prefactor values then follow Eq. 6.2, where pj,,, and pgp; are the

resistivities arising from isotropic and anisotropic scatterers respectively.!®?

Ace 3.5
Aiso 1+ pimp/pani

Eq. 6.2

For SrVOs, resistivity arising from anisotropic scattering was assumed to be the same for
all samples since it was expected to arise from the Fermi surface shape and was therefore set to p,
for the most disordered sample. Resistivity arising from impurities was then defined to be the
residual resistivity for each sample. These adjustments are shown in Figure 6-11(b) with Eq. 6.2
plotted as a guide. The most disordered samples were found to be in the isotropic limit and to
closely followed Eq. 6.2 into the anisotropic limit where increased uncertainties in A.. were
introduced. Even though ultraclean samples were expected to be highly stoichiometric due to the
self-regulated growth, small nonstoichiometries could exist which strongly altered the

redistribution of electron scattering on the Fermi surface.
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Figure 6-12: (a) The scaling prefactor A.. as a function of carrier concentration for typical perovskite oxide
materials including SrVO; from this work, SrTiOs,'® SrMo003,%2° SrNbO;,2*° CaSrV0;,*?’ CaYTiOs,%8
SrLaTi0s,* and SrTiNbOs!% where single crystals are given as squares while thin films are presented as
circles. Dashed lines serve as a guide to the eye for the scattering regimes in the disordered and ultraclean
limits. (b) Electron-electron scattering strength a as a function of the residual resistivity ratio for the same
materials. The dotted line serves as a guide to where non-electron-electron scattering must be considered.

Aec. was then compared to other complex oxide materials. To form a reasonable comparison
to the literature where polynomial fits of the temperature dependent resistivity are commonplace
instead of the more robust derivative fits, the representative SrVOs samples were refit using a
polynomial where the high temperature strange metal phase also displayed T? scaling (shown in
Figure 6-5). These values are shown in comparison to various perovskite oxides including
SrTi0;,'3166322 YCaTi0s,3*® CaSrV0;,**° and StMoO5*% single crystals as well as SrTiO;,%331:3%2
SrNbO3,% StMo003,% CaMo003,% and CaVO;*!® thin films as in Figure 6-12. Note that while 4.
values have been reported for other SrVO; thin films, their T? dependence was fit over the entire
temperature range, resulting in unrealistically high values compared to those reported

here,318:320,321,333



171
Several different phenomena can contribute to the magnitude of inelastic electron-electron

scattering and lead to the sample dependence of A4... Following Eq. 1.14, A4.. is proportional to the
scattering cross section divided by the carrier concentration. Umklapp and Baber scattering arise
from intrinsic effects and their scattering cross sections should not be sample dependent, allowing
for linear regions with A~n~1. Deviations from this trend must arise from contributions from
additional scattering effects such as phonon scattering. This can be observed in Figure 6-11(a)
where two distinct linear regions with A~n~1 were present, defined as the ultraclean limit where
electron-electron scattering was dominant and the disordered limit where additional scattering
contributed to the temperature dependent resistivity. The ultraclean limit consisted of materials
with low defect concentrations, ZIMBE grown and single crystal SrTiO; in the low carrier limit and
the low temperature SrVOs; in the high carrier limit. As additional scattering mechanisms were
introduced, whether it be ionized impurity scattering in the case of doped SrTiO; or phonon
scattering, A.. values increased, deviating from the values predicted from the ultraclean limit,
eventually forming the parasitic limit. The transition between these regimes has previously been
explained in the case of SrTiO; by a Lifshitz transition of the Fermi surface as it evolved and
became more complex.'® Our insights offer an alternative explanation; however, it can also be
explained by the addition of ionized impurity scattering which parasitically adds what was assumed
to be pure electron-electron scattering. Samples can also lie in this high temperature limit due to
contributions from other, non-electron-electron scattering events. For example, the high
temperature region of SrVO; (HT) was observed to have a significantly larger A.. than the low
temperature Fermi liquid phase (LT) due to the addition of phonon scattering contributions.

The transition between these limits can be deconvoluted from the dependence on the carrier
concentration by defining @ = A,./n which is plotted in Figure 6-12(b) for all samples. The
transition can then be described using the case of SrTiO;. The lowest carrier samples have few

oxygen vacancies or defects in general; therefore, the carrier scattering is entirely anisotropic,
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resulting in the maximum value of A. for pure electron-electron scattering. As the carrier

concentration started to increase, the level of dopants increased, smoothing out any existing
anisotropy and lowering 4.. to a constant, isotropic region. At carrier concentrations exceeding
~4x10'® ecm™, ionized impurity scattering began to increase the carrier scattering cross section
causing A.. to rise into the disordered limit. All samples in this limit were affected by additional
scattering that prevented accurate measurements of the intrinsic A4.. for electron-electron scattering.

Similar to dilute SrTiOs3, ultraclean SrVOs has significant contributions to 4., and therefore
a, from anisotropic scattering sites. As disorder is added, the anisotropies are smoothed out and
decreases while the carrier concentration remains mostly constant. This demonstrates the
importance of synthesizing materials with crystalline quality high enough to observe intrinsic

electron interactions that are unobscured by additional scattering effects.

6.4 Concluding Remarks

In summary, the electronic transport of SrVOs; was mapped as a function of disorder and
temperature through modulating the crystalline quality using AMBE. The resistivity scaling factors
were unambiguously determined to construct a phase diagram for the resistivity scaling of SrVO;
where strange metal, Fermi liquid, transient, and insulating phases were revealed. Comprehensive
Hall measurements were then performed along with multicarrier fitting to map the carrier
concentrations and mobilities of three carrier channels in relation to the scaling phase diagram.
These comparisons revealed that the Fermi liquid phase was enabled by the uniform scaling of the
three carrier channels below 20 K. Finally, the effect of anisotropic and isotropic scattering was
discussed to diagonalize the impact of other scattering mechanisms to Ac.. Scattering prefactor
values were further compared to other complex oxides, demonstrating a distinction between pure

electron-electron scattering and other scattering mechanisms. These results offer a basis for how
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the electrical properties in strongly correlated metals evolve as a function of temperature and

disorder. In addition, this work provides a fundamental distinction of the potential contributions to
A, and outlines the dramatic effects of anisotropic scattering in oxide materials which leads to a

sample dependent inclusion of NEES events.



Chapter 7: Synthesis of [111]-oriented SrVO; by AIMBE

The following section is reproduced in part from: Roth, et al., Self-regulated growth of [111]-oriented
perovskite oxide films using hybrid molecular beam epitaxy. APL Materials 9, 021114 (2021) with the

permission of AIP Publishing.

As discussed in the introduction, [111]-oriented perovskite films and superlattices offer

many opportunities to enable a wide variety of technologically valuable properties including

123,124 5

nontrivial band topologies,'?!'*? ferroelectricity, Dirac semimetal phases,'” spin-nematic
phases,'?! the quantum spin Hall effect,'?*!?” and the quantum anomalous Hall effect.!?* 13! While
many of these effects have been predicted, few have been experimentally realized due to the
inherent difficulties in growing [111]-oriented perovskite films and superlattices. Unlike [001]-
oriented perovskites, such as SrTiOs, that have alternating charge neutral Sr>*O%/Ti*"O,* layers,
[111]-oriented SrTiOs has alternating Sr**O;%/Ti*" layers creating a stacking sequence with highly
charged atomic planes. The polar stacking sequence gives rise to the emergence of electric dipoles
energetically destabilizing the growth front thus detrimentally affecting film growth, potentially
driving the formation of unexpected phases, undesired orientations, and unwanted exposed facets
as the film attempts to minimize its surface energy.!'*!'?° Typically, this is counteracted by utilizing
a high energy growth technique operating far from thermodynamic equilibrium, such as pulsed
laser deposition (PLD) which has been used for the growth of SrRuQ;,'**'3¢ SrFeO;,!’
Lao7Sro3MnQOs,'3® AlFeOs,"*” NdNiOs,'** SrIrOs,'*! LaFeO;,'*? BaTi0s,'*? LaAlO;,'* PbTiOs,'*

and BagosLao0sSnO3'* or such as sputtering for the growth of SrTiO;,!!'!4¢ NdNiOs,'’ and

GdMnOs'*.
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While [111]-oriented perovskites have been successfully synthesized using these methods,

it is highly desirable to establish growth using a low energy deposition technique, such as molecular
beam epitaxy (MBE), where unintentional defect concentrations can be minimized. Currently,
homoepitaxial growth of SrTiOs; is the only reported successful growth of [111]-oriented
perovskites by MBE.?3* The highly desirable heteroepitaxial growth, which is required to take
advantage of materials design degrees of freedom in thin film growth, specifically, epitaxial strain,
atomically abrupt interfaces and layer thickness, and layering sequence has remained largely
elusive. The inherent difficulties of utilizing MBE for heteroepitaxial growth along unfavorable
directions has been observed for the growth of [111]-oriented rocksalt MgO** and CaO**¢ on GaN.
Under regular conditions, where the cations were supplied by evaporation and subsequently
oxidized on the growth front, octupolar surface reconstructions were found to serve as nucleation
points for lower energy {100} facets which resulted in undesirable 3D film growth after just a few
monolayers. In contrast, the co-exposure of the surface to water vapor enabled continuous layer-
by-layer heteroepitaxial growth of [111]-oriented rocksalt films. During growth, hydroxyl groups
bonded to the positively charged cations on the surface, thereby reducing the polar character of the
surface, and thus stabilizing the growth front. This effect was further confirmed through density
functional theory calculations.*® The situation for the growth of [111]-oriented perovskites is
similar, and it is therefore hypothesized that agents aiding the charge reduction of the interface are
beneficial to the growth. This effect might also be achieved through the use of other chemical
groups such as polar ligands liberated by the thermolysis of the metalorganic precursors used in
hybrid MBE (AMBE),?*37 thus enabling the growth of perovskites along highly polar directions
with high crystalline quality.

This hypothesis has been tested here for the heteroepitaxial growth of the correlated metal
SrVO; which has been extensively studied lately®!3318:338-340 dye to its potential use as transparent

electrode material.>* Since SrVOs is a metal, the material quality can be determined by the simple,



176
widely used metric of the residual resistivity ratio (RRR) which is defined as the ratio of the room

temperature and low temperature (2 K) resistivities, thus making SrVOs an ideal material choice to
determine the effectiveness of [111]-oriented growth using AMBE. PLD grown [111]-oriented
SrVO; has been reported but the low RRR of 5 confirmed a high defect concentration.**! Recently
it was shown that AMBE, which exploits a self-regulated growth mode to achieve stoichiometric
films, is ideally suited to grow ultraclean SrVOj; thin films where, in the [001]-orientation.!%!”” In
this chapter, a detailed growth study of [111]-oriented SrVO; thin films by AMBE is presented. A
self-regulated growth window was discovered for [111]-oriented growth where films inside had
atomically abrupt surface and interfaces. The RRR value of 21 for AMBE grown films inside the
growth window significantly exceeded the RRR quality metric of previously grown [111]-oriented

SrVO; by PLD by a factor of four.

7.1  Growth of [111]-oriented SrVO; thin films

Thin films of SrVO;(111) were grown using a DCA M600 ZMBE equipped with a Sr
thermal effusion cell and a molecular oxygen plasma source. Vanadium was supplied in the form
of the metalorganic vanadium oxytriisopropoxide (VTIP) using a heated gas injector connected to
a heated gas inlet system. The VTIP flux was controlled by maintaining a constant gas inlet
pressure, Pyrp. Growth was performed on the closest lattice matched substrate, [111]-oriented
(Lao3Sro7)(AlossTaoss)Os (LSAT), giving rise to a 0.67% tensile strain. Stoichiometric growth
conditions were mapped by choosing a fixed Sr flux of 2.50x10'* cms! using a quartz crystal
microbalance and growing a series of samples using different Pyrp pressures. LSAT substrates
were prepared by sonication in acetone and isopropyl alcohol followed by a five-minute UV/ozone
clean. Prior to film growth, substrates were heated to a temperature of 900°C and exposed for 15

minutes to an oxygen plasma supplied from an RF plasma source (Oxford Applied Research)
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operated at 250 W resulting in a background pressure of ~5x107 Torr. Prior to growth, no surface

reconstructions were observed on the LSAT substrates. StVOs films were grown under the same

conditions for approximately 1 hour, resulting in film thicknesses of about 50 nm.
-
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Figure 7-1: RHEED images along the (a) (10-1) and (b) (11-2) azimuths of [111]-oriented LSAT and SrVOs3
films grown at different VTIP pressures. Films grown outside the growth window can be identified by
changes in surface reconstructions and intensity modulations on the second order diffraction rod. Figure
reproduced from reference.>*

Immediately after growth, films were cooled in vacuum to 100°C and RHEED images were
taken along the (10-1) and (11-2) azimuths to examine the surface morphology as a function of
VTIP gas inlet pressure, Pyrp, as shown in Figure 7-1. For VTIP inlet pressures between 78 and
84 mTorr the RHEED intensity spots were confined to the Laue circles and the Kikuchi lines were
sharp, both signifying a smooth highly crystalline film surface similar to what has been observed
for [001]-oriented SrVOs films.!”” RHEED taken from SrVOs; films grown outside this region
exhibited a more streaky RHEED pattern with intensity modulations along the 2™ order diffraction
rods, indicative of a slightly more corrugated growth front, yet still two-dimensional. While not
immediately obvious, the occurrence of these RHEED features marked the boundaries of the self-
regulated growth window, which ranged from 78 mTorr to 84 mTorr, as will be discussed below.
Reconstructions of the polar (111) perovskite surface are known to be complex, and diverse atomic

arrangements have been observed depending on cation termination and oxidation conditions.*** For
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example, [111]-oriented SrTiOs has been observed to form reconstructions including n X n where

n=1-6, V7 x+/7 R19.1°, and V13 x V13 R13.9° depending on surface termination, oxidation
conditions, annealing temperature and time.>*3* For SrVOs; films grown here, surface
reconstructions were found along both azimuths but were sometimes difficult to index. For
example, along the (10-1) azimuth additional reflections from surface reconstructions appeared
somewhat blurred suggesting that the surface did not assume a singular, specific reconstruction.
Instead, multiple surface reconstructions coexisted. Remarkably it was observed that an odd
numbered reconstruction, referred to as (2n+1)x, was present for all Sr-rich films grown with a gas
inlet pressure Pyrp < 78mTorr while an even reconstruction, referred to as (2n)x, was present inside
the growth window, as shown in Figure 7-1. Reconstructions along the (11-2) azimuth were more
sharply defined and followed a similar trend, going from a 7% reconstruction on the Sr-rich side to
a 6x reconstruction inside the growth window. RHEED features arising from surface
reconstructions vanished with increasing Pyrp to become exceptionally blurry, likely due to a
superposition of odd and even surface reconstructions, and finally vanished for V-rich films (Pyrp

> 84 mTorr).

7.2 Growth window determination using XRD and AFM

Films were further characterized using X-ray diffraction to verify the structure and film
orientation. High resolution 20-® scans around the [111]-diffraction peak of LSAT and SrVOs are
shown in Figure 7-2(a). Unlike the case of commensurately strained SrVO3(001) films where the
film peak position reflected the films’ cation stoichiometry due to the associated lattice parameter
expansion,!’”?? the film peak position for [111]-oriented films did not change as a function of
VTIP pressure. Only interface and surface quality of the films seemed to be affected by the growth

conditions, as evidenced from the presence of Kiessig fringes around the [111] film peaks. X-ray
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scans taken from films grown at VTIP foreline pressures in the range of 78 mTorr to 84 mTorr

(labeled in orange) had pronounced Kiessig fringes indicating abrupt film surfaces, which faded
away for larger (Pyrp =86 mTorr) and smaller (Pyrp= 74,76 mTorr) VTIP foreline pressures
(labeled in blue). A reciprocal space map taken around the 303 asymmetric diffraction peak of the
SrVOs(111) film grown at Pyrzp = 81 mTorr revealed that the films inside the growth window were
coherently strained, as shown in Figure 7-2(b). Films grown outside the growth window were found
to partially relax. Each high-resolution X-ray 20- scan was fit using GenX>*¢ to determine the film
thickness and the interplanar spacing d;i1. The interplanar spacing was directly compared to those
of [001]-oriented SrVO; films which were grown immediately after the [111]-oriented growth
series. The trends of d;;; and doos are shown as a function of Pyrp in Figure 7-2(¢). The interplanar
spacings extracted for both [111]-oriented and [001]-oriented films were also compared to the
calculated lattice parameter of strained SrVO; using the experimentally determined Poisson ratio
of 0.24 for SrV0;.!%32* For [001]-oriented films, a clear growth window was observed as doo
reached a minimum out-of-plane interplanar spacing for Pyrp values from 78 mTorr to 83 mTorr,
similar to previous studies and near the calculated lattice parameter of 3.824 A for strained
SrV0;3(001).!%177 On the other hand, the out-of-plane interplanar spacing of [111]-oriented films
near the calculated value of di11=2.209 A remained relatively unchanged as a function of VTIP
pressure, suggesting that defect accommodation mechanisms incorporating excess Sr and V into
the films were present in [111]-oriented SrVO; that did not increase the out-of-plane lattice

parameter and that were unavailable for [001]-oriented films.
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Figure 7-2: (a) High resolution 20-w XRD scans around the 111 diffraction peaks of LSAT and SrVOs as a
function of Pyzp. (b) X-ray reciprocal space map around the 303-diffraction peak of a SrVO;(111) film grown
at 81mT. (c) Interplanar spacing of [001]- and [111]-oriented SrVOs films extracted from high resolution 26-
o XRD scans using GenX. Calculated interplanar spacings are shown as dotted lines for each orientation. (d)
Root mean square roughness extracted from AFM micrographs as a function of Pyzp outlining the growth
window for [111]-oriented SrVOs. (e) Corresponding AFM micrographs of films grown at different Pyrp.
Surface height profiles are shown for characteristic Sr-rich, stoichiometric, and V-rich films where height is
given in nanometers. Figure reproduced from reference.*

To obtain further insights into why the out-of-plane interplanar spacing remained
unchanged for such a wide range of growth parameters, atomic force microscopy (AFM) images
were taken to map the film surface morphology as a function of Pyrp. The RMS roughness values
as a function of Pyrp along with representative AFM images are shown in Figure 7-2(d) and (e),
respectively. Films grown at VTIP pressures between 78 mTorr and 84 mTorr had an atomic terrace
morphology with a RMS surface roughness of about (0.2+0.1) nm. It is remarkable that this

favorable surface morphology was aligned with the SrVOs growth window for [001]-oriented films.
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SrVOs(111) films grown outside the SrVO;(001) growth window revealed regularly shaped, rather

deep holes with lateral dimensions on the order of several tens of nanometers. These holes were
separated by otherwise atomically smooth film areas laterally expanding over hundreds of
nanometers. Theses regularly shaped holes were primarily oriented in the same direction,
suggesting that specific crystallographic directions gave rise to the facets defining the holes’
circumference. Films grown under Sr-rich conditions had hexagonal shaped holes, while films
grown under V-rich conditions had primarily triangular shaped holes which were about half the
lateral size compared to those found in Sr-rich films. These holes allowed films grown under Sr-
rich and V-rich conditions another avenue to release stress induced by increased levels of cation
nonstoichiometry in the film plane rather than by increasing the out-of-plane interplanar spacing.
Therefore, the formation of these holes rendered the out-of-plane interplanar spacing irrelevant for
the determination of stoichiometric growth conditions for [111]-oriented SrVOs films. Instead, the
pronounced increase in film roughness due to the hole formation gave rise to a growth-window like
relation, as shown in Figure 7-2(d). The growth window from surface roughness data of
SrVOs(111) films closely matched the width and position of the growth window found for
SrVO3(001) films using the interplanar spacing in the out-of-plane direction doo: (see Figure
7-2(c)). The close resemblance of the growth windows for SrVO;(111) and SrVO3(001) films
suggested that the kinetic processes at play were not affected by the film surface orientation.
While at first it seemed strange that a surface sensitive technique such as RHEED was not
able to identify a film surface with nanometer deep corrugations, the specific, rather seldom film
surface morphology found for SrVO3(111) grown under non-stoichiometric conditions, namely
holes formed from inward oriented facets with lateral dimension on the order of tens of nanometers
and hundreds of nanometers apart can indeed give the false sense of a smooth, coalesced film via
RHEED. Streaky RHEED patterns occurred since the surface was quite smooth overall. Spotty

RHEED patterns typically arise if electrons transmit through the crystal, e.g. when protrusions are
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present or the film growth occurs in island mode. If holes are present in the film the majority of the

electrons get diffracted on the overall smooth surface and only a small portion transmits through
the edges of the hole that are sufficiently electron transparent. The contribution of these electrons
gave tise to the intensity modulation along the diffraction rods, which occurred in the 2™ order
diffraction rod in RHEED pattern for Sr-rich and V-rich growth conditions along both azimuths.
Therefore, stoichiometric growth can still be monitored using this in-situ technique, the Sr-rich
growth window edge is found by a change in surface reconstruction from 6-fold to 7-fold along the
(11-2) azimuth accompanied with a pronounced intensity modulation along the diffraction rods,
while at the V-rich growth window edge the intensity modulations emerged in addition to the

blurred surface reconstructions.

7.3  Structural characterization of [111]-oriented SrvVO; using STEM

To gain further insights into the accommodation of defects in SrVO;(111) films with large
non-stoichiometries, a Sr-rich, stoichiometric, and V-rich film were imaged in cross section using
HAADF-STEM performed in a ThermoFisher Titan®> S/TEM by Leixin Miao and Professor Nasim
Alem. For this imaging, the operating voltage was 300 kV with a beam current of 0.1 nA and the
probe convergence angle was 30 mrad. The aberration correctors were tuned to achieve a spatial
resolution of about 70 pm.

Low magnification survey scans of the Sr-rich, stoichiometric, and V-rich film are shown
in Figure 7-3(a-c) and higher magnification images are shown in Figure 7-3(d-e). Low
magnification images of the Sr-rich film revealed large regions of uniformly spaced Ruddlesden-
Popper (RP)-like stacking faults that are known to occur in Sr-rich SrVO3(001) films. This phase
appeared to be similar to those observed in Sr;V,07;****7 however, in this case the orientation of

the stacking faults were along the [111] direction. Rock salt like AO stacking faults oriented along
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the [111] direction in ABX; perovskites have been previously observed in halide perovskites, such

as Cs3B2Xo (B=Sb, In, Bi and X=Cl, Br, I),***3° as well as organic perovskites such as
[NH(CH3)3]5SbaClo, 31352 whereby long-range vacancy order and sizeable bond distortion were
observed in the former case, and where the local degrees of freedom of organic molecules allowed
to stabilize the layered structure in the latter case. Given the nominal stacking sequence of the Sr-
rich phase, namely two perovskite blocks with layers B-AX3-B-AX3 followed by the stacking fault
AXj3, the general chemical formula of A3B»Xo is expected; however unlike in the two cases of halide
and organic perovskites, the X anion is doubly charged for the oxide case suggesting the presence
of an oxygen vacancy ordered phase of either Sr3V,0s with vanadium assuming a highest possible
oxidation state 5+, or Sr;V>0; with V#* on the B-site. As RP stacking faults have been observed for
oxide films, it is much more likely that this phase is simply vanadium orthovanadate.

STEM images taken from stoichiometric SrVO3(111) films are shown in Figure 7-3(b), (e),
and (h). The stoichiometric films were found to have the expected cubic perovskite structure and
no large-scale defects or structural domains were observed. The higher magnification image
revealed virtually no defects, indicating a phase-pure, stoichiometric, and high-quality film. The
interface between the film and substrate was observed to be abrupt due to the sharp Z-contrast
within one unit cell. Stoichiometric films were further examined using annular bright field (ABF)
STEM to investigate the arrangement of the oxygen anions. No displacements or octahedral

rotations were observed as shown in Figure 7-3(h).
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Figure 7-3: Low magnification STEM images of (a) Sr-rich, (b) stoichiometric, and (c) V-rich thin films
grown on LSAT along the (10-1) zone axis. (d) High magnification image of the Sr-rich film where the
Ruddlesden-Popper faults in the layered Sr-rich phase were normal to the [111]-direction. Inset shows the
orientation of the stacking fault layers. (e) Stoichiometric SrVO3 forming an atomically sharp interface with
the substrate. The inset shows the orientation of the SrVOs. (f) Wedge-shaped holes found in V-rich SrVO;
where the crystalline facets contain (101) and (010) directions as highlighted. (g) High magnification image
of the Sr-rich film away from large scale defects demonstrating a high-quality interface. (h) ABF-STEM
image of the stoichiometric film displaying the arrangement of the oxygen anions. (i) High magnification
image of the V-rich film away from large scale defects demonstrating a high-quality interface. Figure
reproduced from reference.>*

Films grown under V-rich conditions were found to exhibit wedge-shaped holes lined with
amorphous material, as shown in Figure 7-3(c). The higher magnification image shown in Figure
7-3(f) revealed crystalline facets that contained <010> and <101> directions. The triangular shape

of the holes seen in AFM suggested that a specific family of planes formed the facets. It was



185
suspected that the crystal facets formed are {001} as they are the lowest energy facets in

perovskites; however, more in-depth analysis is required to unambiguously determine the geometry
of the wedge-shaped holes. Aside from these two prominent features in Sr-rich and V-rich films,
no other extended defects were observed. Away from these large-scale defects, nonstoichiometric
films had abrupt interfaces with the substrate, as shown in Figure 7-3(g) and (i), indicating that an
increasing degree of non-stoichiometry was accumulated on the growth front first before it was
incorporated into the film. The STEM results suggested that Sr-rich films accommodated excess Sr
into RP-like phases while V-rich films incorporated excess V into amorphous regions forming
{001} facetted growth, giving rise to an out-of-plane interplanar spacing that did not vary as a

function of Pyrp as was observed in XRD measurements in Figure 7-2(c).
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Figure 7-4: EDS measurements of the Sr-rich, stoichiometric, and V-rich [111]-oriented SrVOs films for Sr,
V, O, La, and Ta. Figure reproduced from reference.3*?

Composition mapping of each film was then completed using energy dispersive X-ray
spectroscopy (EDS). The EDS mapping was acquired with a beam current of 0.09 nA and a dwell
time of 0.1 pus over 256x256 pixels in each map. Each map was acquired with the automatic drift-

correction turned on in the Bruker software and the acquisition time for each map was between 8
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to 20 minutes to ensure a good signal-to-noise ratio. EDS measurements for Sr-rich, stoichiometric,

and V-rich SrVO:; films for Sr, V, O, La, and Ta are shown in Figure 7-4.

The transition between the perovskite region and the layered Sr-rich phase was most
prominent in the distribution of V as it was more spaced out due to the formation of the SrO stacking
faults in the Sr-rich phase. The Sr-rich and stoichiometric films had a film/substrate interface that
was sharply defined by the V, La, and Ta distributions. The small amounts of V in the substrate
and La and Ta in the film are expected from the FIB preparation. Instead of displaying the V-rich
film/substrate interface which was also sharply defined, the elemental makeup of the amorphous
region around the holes is shown. The amorphous material covering the facets primarily consisted
of V, which was suspected to act as an amorphizing agent forming a cap, which prevented the
advancement of epitaxial growth along the out-of-plane direction and instead gave rise to faceted

growth.

7.4  Optical properties and RRR quality of [111]-oriented SrVO;

Following the successful growth and identification of high quality, stoichiometric [111]-
oriented SrVO; films, the optical and electronic properties were investigated and compared to those
of [001]-oriented films. The refractive index and extinction coefficient for [111]- and [001]-
oriented SrVOs thin films grown by AMBE, shown in Figure 7-5(a) and (b), respectively, were
characterized using spectroscopic ellipsometry performed by Dr. Alexej Pogrebnyakov. Two
samples of equivalent thickness (47 nm and 46 nm, determined by X-ray diffraction) and a
significantly thinner SrVOs; (111) film (17 nm) were compared to a 20-nm-thick SrVO;(001) film.
No significant sample to sample variations were found for the refractive index or the extinction
coefficient in the wavelength interval from 200 nm to 1700 nm. As expected from the isotropy of

the cubic system, the extinction coefficient followed the same trend as [001]-oriented SrVOs3 where
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a region with low k£ was confined by substantially larger values of the extinction coefficient in the

infrared region due to the free carrier reflection response, and in the ultraviolet range from optical
absorption due to interband transitions, leaving a spectral window of high optical transparency in
the visible range.> The extinction coefficient for [111]-oriented samples was significantly lower in
the visible range from 450 nm to 750 nm suggesting a higher optical transmission. This effect was
likely due to different strain states of the films. The corresponding optical absorption coefficient o
and optical transmission coefficient (7' = ¢*) are shown in Figure 7-5(c) and (d), respectively.
Here, [111]-oriented SrVOs is shown to have a higher optical transmission in the visible range
compared to and [001]-oriented films of comparable thickness. This higher transmission in the
visible range coupled with nearly the same room temperature resistivity indicate that SrVOs retains

a high performance as a transparent conductor irrespective of the film orientation.
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Figure 7-5: The optical constants (a) » and (b) k, (c) the absorption coefficient o, and (d) the optical
transmission for [111]- and [001]-oriented SrVO; thin films grown inside the growth window. (e)
Temperature dependent resistivity of ZAMBE grown [111]-oriented SrVO; compared to the best [001]-
oriented SrVO; grown by other methods. (f) Comparison of residual resistivity ratios for StVO3(111) grown
by AMBE and PLD*! as well as SrVO3(001) grown by #AMBE,'° MBE,*'® and PLD.?' Figure reproduced
from reference.’*?
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While it has been shown that films grown inside the growth window had no visible defects

in STEM, the material quality was further verified by measuring the temperature dependent
resistivity to determine the RRR. The dominant scattering mechanism at low temperature arises
from defects in the film while phonon scattering limits the carrier mobility at room temperature;
therefore, the RRR is an ideal metric for determining material quality. The temperature dependent
resistivity of the [111]-oriented SrVOs grown at Pyrp=81 mTorr is shown in Figure 7-5(¢) in
comparison to highest quality [001]-oriented SrVOs grown by MBE*'® and PLD.*'* The resistivity
of [111]-oriented SrVO; was found to be lower at all temperatures, ranging from a room
temperature resistivity of 2.8x10° Q cm to a residual resistivity of 1.3x10° Q c¢m resulting in a
RRR of 21. The RRR of [111]-oriented SrVO; is shown in comparison to [111]-oriented SrVO;
grown by PLD,*! the highest quality 001-oriented SrVOs grown by MBE*'® and PLD,*"* and
ultraclean SrVO; grown by AMBE!? in Figure 7-5(f). The [111]-oriented SrVOs; grown in this study
was found to have a significantly higher quality than any film grown in any orientation by PLD and
MBE, signifying that even in an unfavorable growth direction, ZMBE remains an ideal growth

method.

7.5 Temperature dependent of electonic transport of [111]-oriented SrvOs;

In order to determine the effects of film orientation, the temperature dependent electronic
properties of [111]- and [001]-oriented SrVOs films grown by AMBE were compared in detail. The
temperature dependent resistivity for films with both orientations is shown in Figure 7-6(a). The
resistivity of [001]-oriented SrVOs; was consistently below that of [111]-oriented films, suggesting
that additional scattering sites were present at all temperatures in [111]-oriented films. In both
cases, the resistivity was found to saturate at low temperature to a constant value and did not show

any upturn from localization effects. The temperature dependent resistivities were further analyzed
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by plotting % as a function of T, fully eliminating the dependence of the residual resistivity and

allowing the extraction of the Fermi liquid like regimes which have been shown to exist in SrVO;
in Chapter 6. Both films revealed the presence of a Fermi liquid like regime at low temperatures
extending to about 20 K, followed by a transient regime with no consistent resistivity scaling. At
higher temperatures, both films resumed a T dependence; however, [111]-oriented SrVOs re-
entered into a regime revealing a dominant scattering mechanism at approximately 40 K compared
to around 120 K for [001]-oriented SrVOs, adding further uncertainty to this high temperature

scaling region’s origin.
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Figure 7-6: (a) Temperature dependent resistivity of [111]- and [001]-oriented SrVOs grown by AMBE. (b)
First derivative of resistivity with respect to T?> where constant regions indicate Fermi liquid like T? resistivity
scaling.

Temperature dependent Hall measurements were performed to extract the transverse Hall
resistance R,, and the longitudinal resistance R... The longitudinal resistance is shown in Figure 7-7
for films of both orientations in terms of the magnetoresistance: MR = (Ryx(B) — Ry (0))/
R, (0) * 100%). At 2 K, [001]-oriented SrVO; reached a MR of nearly 300% at 8 T while [111]-
oriented films barely exceeded 40%. In addition, [111]-oriented films were observed to have a
negative magnetoresistance at low fields, similar to that arising from weak localization. Weak
localization typically arises from the interference of carriers traveling in self-intersecting paths.’

It is peculiar to observe such a weak-localization effect in a three-dimensional metallic system as
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they are typically only observed in 2D materials. For weak localization to occur in a 3D system,

carriers would need to be restricted to primarily travel in a plane as the additional dimension reduces

the number of potential self-intersecting pathways.
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Figure 7-7: Temperature dependent magnetoresistance for (a) [111]-oriented and [001]-oriented SrVOs. Low
field magnetoresistance for (a) [111]-oriented SrVO; demonstrating the onset of weak localization and (b)
[001]-oriented SrVO;3 with no localization.

The Hall resistance for [111]- and [001]-oriented SrVOs is shown in Figure 7-8(a) and (b)
respectively. Films of both orientations were found to display distinct nonlinearities at temperatures
below 100 K. While [001]-oriented SrVOs has previously been shown to have nonlinearities in R,
see Chapter 6, [111] films had significantly more pronounced nonlinearities at higher magnetic
field strengths. Irrespective of film orientation, a linear transverse resistance was observed at room
temperature corresponding to carrier concentrations of 2.0x10*2 ¢cm™ and 2.5x10* c¢m™ and

mobilities 0of 8.9 and 7.1 cm*V-!s™! for [001]- and [111]-oriented films, respectively. As temperature
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decreased, the slope for [111] films decreased, transitioning cleanly into an anomalous Hall effect

like shape while the slope for [001] films increased.
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Figure 7-8: Temperature dependence of the transverse Hall resistance R,, for (a) [111]- and (b) [001]-oriented
SrVOs.

Distinct nonlinearities in the Hall resistance, such as those shown here, are known to arise
from two effects: the anomalous Hall effect (AHE) due to broken time-reversal symmetry and
multicarrier transport. A theory of AHE was developed by Karplus and Luttinger who demonstrated
that the additional Hall current perpendicular to the electric field was a result of spin-orbit
interactions.*> These interactions can arise from side jump scattering from impurity atoms, intrinsic
deflections due to crystalline potentials from Berry curvatures, or skew scattering.>>> While the first
two interactions require the presences of magnetic moments and are typically observed in
ferromagnetic materials, skew scattering can arise due to spin orbit coupling of magnetic or non-
magnetic impurities. The contributions of each effect are unfortunately difficult to separate in
experimental measurements. Traditionally, the contribution for skew scattering is argued to be

linear with o, while the other two contributions are linear with o,;**® however, recent studies

have demonstrated that all three contributions are proportional to g.2,.35

The AHE component of the transverse Hall resistance is captured by the anomalous Hall

resistance Ry’ shown in Eq. 7.1.
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Ruy (B) = — + RA « Tanh(1) Eq. 7.
ne B,

The experimental, temperature dependent Hall resistance of [111]-oriented SrVO; was fit
using Eq. 7.1 where the traditional Hall effect was assumed to arise from a single electron carrier
channel. The extracted values of R,‘?f,{E were then converted into the anomalous Hall conductivity
04y Using the resistivity tensor relationship and plotted as a function of 2, in Figure 7-9(a). [111]-
oriented SrVO; was observed to demonstrate the expected linear relationship between the
anomalous Hall conductivity and .2,; however, when compared to other materials in Figure 7-9(b),
it was found to have higher values of o,y than any other material system.*® This completely
unexpected result seems to indicate that the nonlinearities in R., do not arise from the AHE as none

of the contributing factors are expected to arise in SrVOs.
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Figure 7-9: (a) The anomalous Hall conductivity o.xe as a function of ¢.,> demonstrating a linear relationship.
(b) o4ur as a function of oy comparing [111]-oriented SrVO; with other materials. Reproduced from
reference.>

To further investigate the potential contributions of magnetism to the AHE in SrVO;,
samples of both orientations were characterized using X-ray absorption spectroscopy (XAS) and
X-ray magnetic circular dichroism (XMCD) at the L,3 edges (2p core levels) which provide an

element-specific probe for the ionic valence state and magnetic moment, respectively.?>-3%
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Measurements were performed by Professor T. Hesjedal and Professor G. van der Laan using the

portable octupole magnet system (POMS) on beamline 110 at the Diamond Light Source (Didcot,
UK) using luminescence yield (LY) detection. In LY mode, transmitted X-rays that are not
absorbed in the thin film sample give rise to X-ray-excited optical luminescence in an appropriate
substrate, such as MgO or LSAT. The emitted optical photons, which exit through a hole in the
back of the sample holder, are detected by a photodiode behind the sample. Like transmission, LY
probes the X-ray absorption over the entire depth of the thin film sample. This detection mode of
XAS is advantageous compared to total-electron yield (TEY) detection, which only has a sampling
depth of 3-5 nm.*” For these measurements, the sample surface was normal to incident X-ray beam
and along the applied magnetic field direction. The X-rays were 100% circularly polarized and the
measurements were completed between 20 and 90 K where the nonlinearities in the Hall resistance
were observed.

The XAS was recorded across the V L3 (~516 e¢V) and L, (~523 eV) absorption edges,
directly probing the unoccupied 34 states of the vanadium. The XMCD spectrum was then obtained
as the difference between the two XAS spectra with the circular polarization vector parallel and
antiparallel to the external magnetic field direction. To reduce the experimental asymmetries for
the 80 K data, the XMCD was obtained using the four different XAS spectra with circular positive
and negative polarization and with positive and negative magnetization direction.

Samples of SrVO; grown on (001) and (111) LSAT substrates were measured in LY mode.
As a reference sample for the energy calibration, a fresh batch of V,Os powder was used, which
was mixed with graphite powder and then pressed in the form of a disc. This sample was measured

in TEY mode with the assumption that the surface composition of V,Os was similar to the bulk.
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Figure 7-10: Normalized V L3 XAS spectra for [111]- and [001]-oriented SrVOs; thin films in comparison
to a V,0s reference sample. Arrows indicate additional shoulders of the V L ; peaks.

The V L, 3 XAS spectra for all three samples were normalized to the V L3 peak height and
are shown in Figure 7-10. The spectra for films of both orientations were very similar but differ
from the V,0s reference spectrum. The peak maxima were almost at the same photon energy
indicating the chemical shift between V,0s and SrVOs was negligible; however, the films displayed
additional shoulders at lower energies (marked by arrows in the plot). A comparison of reference
oxides measured using electron energy loss spectroscopy can be found in Figure 1 of Gloter et
al.,*®" which shows a shift to lower photon energy of 0.1 eV for VO, and 1.2 €V for V,03 with
respect to the peak maximum in V,Os; however, subtle changes in the structure and crystal-field
parameters can lead to larger photon energy shifts than 0.1 eV.%236 The SrVOs spectral shape was
rather similar to that reported for VO,,** with V#* 3d'. Small differences in spectral shape were
inevitably present due to a different degree of hybridization. From this analysis, the vanadium

valence state in the SrVOs; films was somewhere between 4+ and 5+.
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Figure 7-11: XAS spectra of (a) [001]-oriented SrVOs and (b) [111]-oriented SrVO; for parallel and
antiparallel alignment of circular polarization and magnetization direction under 500 mT applied field from
20 K to 90 K. The XMCD, or difference spectrum, of (¢) [001]-oriented SrVOs and (d) [111]-oriented SrVO;
which is seen to be zero within the detected limit.

The XAS spectra of [001]- and [111]-oriented SrVO; films are shown in Figure 7-11(a)
and (b) respectively for parallel and antiparallel alignment of circular polarization and
magnetization direction, measured between 20 and 90 K under 500 mT applied field after field
cooling the sample from 120 K. The XAS spectra were obtained using —In(/ry/lo), where /vy is the
luminescence yield and /o is the incident X-ray beam intensity. The spectrum at 20 K was obtained
by averaging over 24 repeats while the rest were averaged over 5 repeats. The curve was normalised
to the off-edge slope (500-505 eV, not shown). A remaining signal in the difference spectrum
between the two dichroic spectra across the L3 edges is shown in the XMCD spectra for [001]-and

[111]-oriented SrVOs in Figure 7-11(c) and (d), respectively. Over the entire temperature range of
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20-90 K, the upper limit of the spin moment extracted from the XMCD data was below the

experimental detection limit which is ms < 0.01 pg/V atom. The vanishingly small value of the
measured spin moment confirms the absence of any ferromagnetic order in SrVOs.

The absence of a magnetic moment in SrVOs eliminates many of the potential contributions
from the AHE; however, it does not preclude them entirely. As the anomalous Hall conductivity in
Figure 7-9(b) is in the intrinsic region, the AHE may arise directly from a non-zero Berry curvature
unaccompanied by a non-zero magnetic moment. Therefore, studies are currently ongoing to
calculate the Berry curvature of SrVOs to fully probe the potential contributions of the AHE in
SrVO;. While the contributions from the AHE are not yet fully conclusive, we will demonstrate
that the significant changes and nonlinearities in Ryy can be entirely explained using multicarrier

transport arising from a tilting in the Fermi surface orientation.

7.6  Multicarrier fitting in [111]-oriented SrvVO;

Multicarrier fitting of the Hall coefficient in [111]-oriented SrVO; was performed
following the considerations used in the fitting of [001]-oriented SrVOs detailed in Chapter 6. In
the case of [001]-oriented SrVOs, nonlinearities in the low temperature limit were explained using
two electron channels and one hole channel. Identical multicarrier fitting procedures were applied
here for [111]-oriented SrVO;. To demonstrate the robustness of these fits, the Hall resistance is

shown for [111]-oriented SrVO; at 2 K up to £14 T with its corresponding fit in Figure 7-12(a).
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Figure 7-12: (a) The transverse Hall resistance Rxy for [111]-oriented SrVOs at 2 K with the corresponding
three carrier fit. A schematic of the Hall bar setup is inset. (b) Carrier mobility and (c) carrier concentration
extracted for each carrier channel as a function of temperature.

Above 100 K, films of both orientations were fit using a single electron channel. At lower
temperatures, [001] films only required the addition of a hole channel between 30 and 100 K while
[111] films immediately required all three channels at 100 K. The extracted carrier concentrations
and mobilities for the primary electron channel (#,), the secondary electron channel (n2), and the
hole channel (p) are shown for films with both orientations in Figure 7-12(b) and (c) respectively.
The primary electron channel for both channels was approximately 2x10%* cm™ at all temperatures
but the mobility was nearly two orders of magnitude higher for [001]-oriented films. The major
disparity between the two orientation arose from contributions of the two minor carriers. For [001]-
oriented SrVOs, the secondary electron channel had nearly an order of magnitude higher carrier
concentration and mobility than the hole channel at low temperatures. This relation was almost
exactly reversed for [111]-oriented SrVOs. Such a dramatic alteration was attributed to the change

of the Fermi surface orientation with respect to the transport plane.



7.7  Orientation dependence of SrVQs’s Fermi surface o

To investigate the effects of orientation on the transport properties of SrVOs, the Fermi
surface was first calculated by Amartyajyoti Saha and Professor Turan Birol. The three sheets were
calculated using a 100x100x100 grid of energy eigenvalues across the Brillouin zone. This grid
was then interpolated to generate functions for the extraction of the energy and its gradient at all
points on the Fermi surface. A zero-energy 3D mesh was then generated to represent the Fermi
surface on which Fermi velocities and Fermi surface curvatures were calculated. The 2D Fermi
surface curvature was calculated along slices of the Fermi surface parallel to the transport plane
such that k. and &, were traced at constant k; values. For each slice, a circle was fit to each point’s
neighbors. This radius vector of this circle along with the gradient function were then used to obtain
the magnitude and sign of the 2D curvature at each point. While the determination of electron and
hole like character requires a combination of the Fermi velocity and the Fermi surface curvature,
only the curvature is dependent on the orientation; therefore, the curvature alone can be used to
draw important observations of the orientation dependent transport.

The k-dependent 2D Fermi surface curvature for the individual sheets of [001]- and [111]-
oriented SrVOs are shown in Figure 7-13. The outermost ‘jungle gym’ and inner ‘faceted’ cube
surfaces contained positive and negative curvatures leading to a potential mixture of electron and
hole like character. For [001]-SrVOs, the vertical cylinder of the ‘jungle gym’ only contributed
electrons to transport while the horizontal cylinders only contributed a few positive curvature
orbits. Orbits containing negative curvatures were restricted to the intersections of the cylinders.
The ‘faceted’ cube surface was primarily made up of electron orbits at the edges while only a few
orbits contained negative curvature. The rough locations of orbits were similar for [111]-oriented
SrVQOs, albeit more evenly distributed across the surfaces. For example, all three cylinders for the

outermost surface had an even distribution of positive curvature orbits. The innermost, ‘rounded’
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cube surface had an entirely positive curvature for both orientations, solely contributing electrons

to transport.
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Figure 7-13: 2D Fermi surface curvature for (a) the outer ‘jungle gym’ surface, (b) the ‘faceted’ cube surface,
and the (c¢) the ‘rounded’ cube surface for [001]-oriented SrVOs and (d-f) [111]-oriented SrVOs.

The analysis of the Fermi surface curvature shows that the simple tilting of complex Fermi
surfaces can result in a striking differences of multi-carrier contributions to transport, resulting in
a higher contribution of holes in [111]-oriented SrVOs. To quantify the contribution of this
curvature redistribution, the inverse Hall coefficient was calculated using Ong’s geometrical
interpretation®*® as outlined in Section 3.2.4. Using the theoretical values calculated from DFT, the
inverse Hall coefficient was calculated for films of both orientations using Eq. 3.38 with a constant
relaxation time. The contributions to the numerator and denominator of Eq. 3.38 from each Fermi
surface sheet for [001]- and [111]-oriented SrVOs; are shown in Table 7-1 and Table 7-2

respectively.
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Table 7-1: Contributions of each Fermi surface sheet shown in Figure 6-9 to the inverse Hall coefficient for
[001]-oriented SrVO:s.

Fermi Surface Index Numerator (cm™) Denominator (cm)
i— ‘rounded’ cube 0.98x10% 4.84x10%
ii — ‘faceted’ cube 1.18x10% 4.89x10%
iii — ‘jungle gym’ 2.67x10% 3.69x10%

Table 7-2: Contributions of each Fermi surface sheet shown in Figure 6-9 to the inverse Hall coefficient for
[111]-oriented SrVO:s.

Fermi Surface Index Numerator (cm™) Denominator (cm)
i— ‘rounded’ cube 1.94x10% 1.04x10%
ii — “faceted’ cube 2.37x10% 1.03x10%
iii — ‘jungle gym’ 5.79x10% 8.45x10*

These contributions resulted in a calculated inverse Hall coefficient of 2.2x10% ¢m™ for
[001]-oriented SrVOs; and 4.44x10?* ¢cm™ for [001]-oriented SrVOs;. This difference arises only
from geometric effects due to the difference in orientation of the Fermi surface with respect to the
transport plane. This adjustment changes the scattering space trajectories, making them vary
considerably between [001]- and [111]-oriented films, resulting in an orientation dependent inverse
Hall coefficient. Further, in depth calculations of the k-dependent relaxation time would further

verify the experimental trends shown in Section 7.6.

7.8 Concluding Remarks

In conclusion, we have demonstrated that [111]-SrVOs can be grown in a self-regulated
growth regime for a wide range of VTIP pressures using ZMBE. The growth window was found to
be independent of the growth direction, indicating that the growth kinetics were largely unchanged.
The formation of large-scale defects such as holes and layered Sr-rich phases under non-
stoichiometric growth conditions rendered the out-of-plane lattice parameter to be an ineffective
measure to determine the growth window position; therefore, the growth window boundaries were

instead identified by RHEED and AFM measurements. Stoichiometric films inside the growth
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window were found to be virtually defect-free in STEM and to have a high RRR of 21. The optical

properties of [111]-SrVOs were found to be mostly independent of orientation albeit with a slightly
reduced extinction coefficient in the visible range compared to SrVO3(001). Finally, [111]-oriented
films were found to display intense nonlinearities in Rxy which were explained using an alteration
in the multicarrier transport arising from orientation dependent Fermi surface curvature. This work
demonstrates the ability to deposit highly crystalline perovskite materials along an unfavorable
growth direction using a self-regulated, low energy growth technique which opens up opportunities
to investigate the electronic, magnetic, and topological properties of [111]-oriented perovskites and

heterostructures without obstructions from defects.
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Chapter 8: Future Work

Over the years of research conducted and described in this thesis, observations, trends, and
conclusions have opened up new research avenues and have identified very promising opportunities
that simply could not be pursued due to the limited time available for a single Ph.D. thesis. This
chapter outlines some of the many new directions that have arisen from this work. This discussion
is limited to the next steps of material integration into devices. First, the determination of the work
function of StNbO3 will be covered. Then integration of TCOs into light emitting and photovoltaic

devices will be discussed with a focus on GaN based LEDs and BaTiOs ferroelectric solar cells.

8.1 Work function of SrNbO;

While the work in this thesis has demonstrated SrNbO;’s high figure of merit as a UV
transparent conductor, over an order of magnitude higher than any competing UV transparent
conductor, integration with UV LED devices requires additional levels of performance. For
instance, the transparent conducting electrode’s work function must be greater than that of the
device material to prevent the formation of a large Schottky barrier. This becomes increasingly
difficult for AIGaN based LEDs which have a bandgap ranging from 3.44 eV for pure GaN and
6.28 eV for pure AIN.?%

Determination of a metal contact’s work function is typically done measuring the C-V
characteristics of a Schottky junction. The capacitance, C, arising from the depletion region formed
in the semiconductor can first be related to the built-in potential at zero bias, V,;, using Eq. 8.1
where Np, is the doping concertation of the semiconductor, &, is the dielectric constant of the doped

semiconductor, &; is the vacuum permittivity, and V is the applied DC voltage.

1

2
Y V-V
C? qNDsrso( bi = V) Eq. 8.1
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The work function of the metal contact, ¢,,0¢4;, can then be determined by correcting the

built-in potential with the energy difference between the conduction band minimum and Fermi
level of the semiconductor given by ¢ as well as the electron affinity of the semiconductor, y,
according to Eq. 8.2.
Pmetat = Vi + X +§ Eq. 8.2

To determine the work function of SrNbO3, Schottky barrier structures were constructed
by depositing 20-nm-thick STNbO3 on Nb-doped SrTiO; substrates with dopant levels ranging from
0.05% to 0.7%. Depositions followed the same conditions as outlined in Section 5.2, therefore the
unstrained lattice parameter and Sr vacancy concentration was assumed to be similar. RHEED for
each film is shown along the (100), (110), and (210) azimuths in Figure 8-1(a-d). While films
grown on highly doped SrTiOs; had high quality RHEED, similar to that observed in LSAT
depositions, films grown on the lower doped SrTiOs; had some 3D nature. Corresponding high
resolution 20-w XRD scans around the 002 SrTiO; substrate peak are shown in Figure 8-1(¢). All
films had out-of-plane lattice parameters of 4.020+0.005 A and demonstrated pronounced

thickness fringes indicating smooth interfaces and high-quality films.
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Figure 8-1: RHEED images along the (100), (110}, and (210) azimuths of SrxNbOs3 grown on (a) 0.7%, (b)
0.5%, (c) 0.1%, and (d) 0.05% Nb doped SrTiOs substrates. (¢) High resolution 26-® X-ray scans of the 002
peaks of SryNbO3 and Nb:SrTiO;.

While the films have been successfully deposited and structurally characterized, the final
device patterning and electrical measurements have not yet been carried out. The remaining
experimental procedure is as follows. Ohmic TiN contacts must be deposited on the STINbO; films
followed by patterning into 100 um circular devices. A tri-layer Al/Ni/Au ohmic contact for Nb
doped SrTiOs must then be deposited to form the diode.****¢” The Schottky barrier height must then
be extracted from the C-V characteristics as discussed above. Further verification of the work
function could then be performed using XPS measurements.*®®> While verification of a contact
material’s work function is important, it is sometimes more efficient to examine its effectiveness
of a contact material on the desired structure as unexpected Fermi level pinning can drastically alter

the expected performance.



8.2 Integration of correlated metals into devices 2

As many current UV LEDs are based on AlGaN structures, it is important to demonstrate
the compatibility of the UV transparent conductor SrNbOs; with these hexagonal nitrides.
Preliminary tests were completed by using RF sputtering to deposit SrxNbO3 on thick GaN films.
GaN has a hexagonal crystal structure with a=3.16 A and ¢=5.125 A;** therefore, STINbO; would
optimally arrange in the [111]-orientation even with the large lattice mismatch. While this thesis
has previously demonstrated high quality growth of [111]-oriented SrVOs, the lattice mismatch
here is large enough to lead to poor nucleation and growth, potentially leading to misoriented or
polycrystalline growth.!*? In addition to these difficulties, the temperature of STNbO; must be lower
than the optimal conditions as the AlGaN buffer layer begins to degrade above 700°C, potentially
compromising the GaN layer.*”

RF sputtering was used to deposit a 40 nm SrxNbOs film on a GaN film grown ona Si (111)
wafer through the use of AIN/AlGaN buffer layers. Deposition was done at a substrate temperature
of 700°C to preserve the integrity of the GaN structure, otherwise deposition conditions followed
the procedures outlined in Section 5.2. A wide angle 20-o XRD scan around the Si 111 peak, shown
in Figure 8-2(a), includes the expected 0002 peaks for the GaN film and AIN/AlGaN buffer layers
as well as 111 peak of SryNbOs. An additional SryNbOs 011 peak was observed, indicating some
misorientation in the film as expected from the large lattice mismatch. An additional scan around
the 0004 peaks of the GaN structure is shown in Figure 8-2(b) where the SrxNbOs3 222 peak was
well defined. No other unexpected peaks were observed in wider range scans. RHEED for the GaN
substrate and SrxNbO; film is shown in along the (10-1) and (11-2), azimuths in Figure 8-2(c-d).
The GaN surface was relatively hazy indicating a potential partial oxidation of the surface due to
atmospheric exposure. The resulting Sr,NbO; film had a 3D pattern potentially arising from the
large lattice mismatch and in part from the presence of (011) domains as indicated from XRD.

These 3D reconstructions may have also been the result of nucleation issues from the contaminated



206
GaN surface as seen in RHEED. Since the typical cleaning using an oxygen plasma would be

detrimental to the GaN surface, minimal cleaning was done to these substrates.
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Figure 8-2: High resolution 268-o X-ray scans around the (a) 0002 peaks of the GaN structures including the
Si and Sr,NbOs 111 peaks and the (b) 0004 peaks of the GaN structures including the Sr,NbO3 222 peak.
RHEED images along the (c) (10-1) and (d) (11-2) azimuths of SryNbO; grown on GaN. (¢) AFM micrograph
of the corresponding film with an RMS roughness of 0.84 nm. (f) Schematic of the structure (not to scale).

While this initial deposition was not ideal, many improvements can be made to enable a
higher quality film. First, future substrates should be cleaned of any potential contaminants using
either an HF etch or in-situ N, plasma cleaning. Next, low temperature nucleation could be used to
promote a better epitaxial relationship.>’! Once the deposition conditions are optimized and high-
quality growth with low contact resistance is achieved, a shift could be made to deposit SrxNbO;

as a contact material for deep UV AlGaN LED devices to determine the light extraction efficiency.
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8.3  Perovskite based solar cells
While many LED structures are based on hexagonal materials, many solar cell structures
are perovskite based. Many of these solar cell structures are based on halide perovskites such as
CH3;NH;3Pbls and CH3NH;3PbCls which could potentially utilize STNbO; or SrVO; as a bottom
electrode even with their large lattice mismatch.>”> However, the most straightforward integration
of these materials would be with ferroelectric based solar cells such as BaTiOs and LiNbOs.>”
While traditional solar cells use p-n junctions to generate electron/hole pairs, their generation is
somewhat different in ferroelectric materials which utilize the bulk photovoltaic effect. These
materials, which have a spontaneous polarization arising from the non-centrosymmetric
displacement of the positive and negative charges in a unit cell, have been shown to generate
photovoltages greater than their bandgaps. This has been attributed to an asymmetric momentum
distribution of nonthermalized carriers. As these photoexcited carriers lose their energy, they
uniformly ‘shift’ in the crystal resulting in a net photocurrent.>™
This type of solar cell has an added benefit of being transparent in the visible range, BaTiOs
for instance has a bandgap of 3.2 eV.3’> Combing this with the transparent conductors discussed in
this work would enable a fully transparent solar cell which could be invisibly integrated into
windows and other surfaces. BaTiO; has a perovskite structure with a tetragonal distortion having
lattice parameters a=3.994 A and ¢=4.034 A, rendering it almost perfectly lattice matched with the
Sr deficient StNbOs discussed in this work. The straightforward synthesis of BaTiO; using either

hMBE?'¢ or sputtering’’® makes these devices well suited to be synthesized in the MBE/sputter

growth cluster at Penn State.
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Appendix A: Fitting XRD Data with GenX

High resolution 26-«0 X-ray diffraction scans can be analyzed using several methods to
obtain structural information including orientation, thickness, and lattice parameter of films and
heterostructures. Most of these methods utilize the Scherrer equation to determine crystallite sizes
in powder diffraction, which can also be applied in the case of thin films to determine their
thickness. The Scherrer equation is shown in Eq. A1 where 7 is the size of the crystal or film, A is
the X-ray wavelength, 6 is the Bragg angle, A(26) is the peak width of the X-ray reflection at half
of the diffracted intensity, and K is a dimensionless shape factor that is close to unity.

KA

t= A(20)cosH

Eq. Al

In addition, 26- scans of films with atomically smooth interfaces exhibit thin film
interference fringes in addition to the film peaks, which provide further information of the film
thickness. These features in addition to structure factor modeling of the substrate and films are
widely incorporated into XRD fitting software. In this thesis, all high resolution 26-0 X-ray
diffraction scans were analyzed using GenX, a python-based software that was released in 2007 by
Dr. M. Bjorck and Dr. G. Andersson and is continually being developed at the time of writing. 236377

GenX has the capability to fit surface X-ray diffraction, X-ray reflectivity, and neutron
reflectivity data; however, only surface X-ray diffraction is discussed here. In the simplest cases,
measurements of a single film on a substrate are fit but complex fits of multilayer materials or
compositionally varying materials are also possible. Below, the typical workflow for fitting single
films is discussed followed by an example fitting script and example material structure information.

Additional information can be found on the GenX website.3”’
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Workflow for fitting high resolution XRD data with GenX

1. Raw theta and intensity data must first be converted into 1-space following Eq. A2 where
d is the out of plane lattice parameter of the substrate and A is the incident wavelength.
] 2 *d * sinf Ea A2
2. GenX requires input data to be in the following tab delimited arrangement:
H K L Intensity Intensity Error
0 0 it it HiHHH# or 0
3. Open GenX
4. Under Settings, go to Data Loader and set it to: sls_sxrd
5. Then insert an empty data set and upload your data.
a. Make sure to delete the original data file.
6. Write the script for your particular sample.
7. Press simulate (F9)
8. Click Grid and set up the parameters to fit
9. Press Start Fit (Ctrl-F)
rB_' 191211_1- Lhgx - [} x
EEESL=20¢3Q FOM log: 1.8198e-01
¢ECtIRLE
Moo v e no
Data[FOM ] Pars | FOMscans
& Parameter Value Fit Min Max Error
* 0 inst.set_inten 1299931 S 0 QE-I‘ZSBE-DL 1‘3112-01;
T s i i
1 2 : S::t;:tﬂaqt?d 1‘5;;‘54535 120 35‘]&—5‘889&701,’1 éaaa+nn)‘
44 - |bulk.set_c 10 0.75 1.25 -
: & 1

Figure A-0-1: GenX workspace with a fit for a [001]-oriented SrVOs thin film grown on LSAT.
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The workspace for GenX is shown in Figure A-1. The fitting parameters can additionally

be set to initial values with upper and lower boundaries. Note that the fitting values for the film
lattice parameters are given with respect to the substrate and the thicknesses are given as the number

of unit cells.

Setting up a GenX script

1. First set up the basic unit cell of the substrate, for this you need the lattice parameters and
the angles that define the lattice:
Ex)  ALOs;: unitcell = model.UnitCell(4.754, 4.754, 12.993, 90, 90, 120)

LSAT: unitcell = model.UnitCell(3.868, 3.868, 3.868, 90, 90, 90)

2. Define the instrument details including the X-ray wavelength:
inst = model.Instrument(wavel = 1.5406, alpha = 18.5)

3. Define the atomic positions of each unique atom in the unit cell of the substrate. To do
this:
Open the .cif file of the material to view the crystal structure.
Reduce the unit cell such that only non-repeating atoms are shown
Insect each element’s relative positions and put them into the script
d. (See end of this document for examples)
4. Define the film with a lattice parameter with respect to that of the substrate
STO = model.Slab(c=1.02)

oo

5. Repeat the process of defining the atomic positions of the film
6. Define the symmetry between the film and the substrate
pl =[model.SymTrans([[1, 0],[0, 1]])]

sample.set_surface sym(pl)

7. Define the structure of the overall sample, if multiple films are present, add them with
their respective thickness (in unit cells) here
sample = model.Sample(inst, bulk, 130*[STO], unitcell)
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Examples of atomic positions for materials

LSAT (001):
bulk.add_atom('La', 'la', 0.0, 0.0, 0.0, 0.08, 0.3)
bulk.add_atom('Sr’, 'st', 0.0, 0.0, 0.0, 0.08, 0.7)
bulk.add_atom('Al, "al', 0.5, 0.5, 0.5, 0.08, 0.65)
bulk.add_atom('Ta', 'ta’, 0.0, 0.5, 0.5, 0.08, 0.35)
bulk.add_atom('O1','0', 0.5, 0.5, 0.0, 0.08, 1.0)
bulk.add_atom('02', '0', 0.0, 0.5, 0.5, 0.08, 1.0)
bulk.add_atom('03', '0', 0.5, 0.0, 0.5, 0.08, 1.0)

LSAT (111):

bulk.add atom('Lal’, 'la', 0.0, 0.0, 0.0, 0.08, 0.3)
bulk.add atom('Sr1", 'st', 0.0, 0.0, 0.0, 0.08, 0.7)
bulk.add atom('O1', '0', 0.5, 0.0, 0.0, 0.08, 1.0)
bulk.add atom('02', '0', 0.25, 0.43301, 0.0, 0.08, 1.0)
bulk.add atom('O3', '0', -0.25, 0.43301, 0.0, 0.08, 1.0)
bulk.add atom('All", 'al', 0.5, 0.288675, 0.5, 0.08, 0.65)
bulk.add atom('Tal’, 'ta’, 0.5, 0.288675, 0.5, 0.08, 0.35)

bulk.add_atom('La2, 'la', 0.0, 0.57735, 1.0, 0.08, 0.3)
bulk.add_atom('Sr2', 'sr', 0.0, 0.57735, 1.0, 0.08, 0.7)
bulk.add_atom('04', '0', 0.25, 0.1443376, 1.0, 0.08, 1.0)
bulk.add_atom('05', '0', 0.75, 0.1443376, 1.0, 0.08, 1.0)
bulk.add_atom('06', '0', 0.5, 0.57735, 1.0, 0.08, 1.0)
bulk.add_atom('Al2', "al', 0.0, 0.0, 1.5, 0.08, 0.65)
bulk.add_atom('Ta2, 'ta', 0.0, 0.0, 1.5, 0.08, 0.35)

bulk.add atom('La3', 'la', 0.5, 0.288675, 2.0, 0.08, 0.3)
bulk.add_atom('Sr3', 'st', 0.5, 0.288675, 2.0, 0.08, 0.7)
bulk.add _atom('O7','0', 0.25, 0.1443376, 2.0, 0.08, 1.0)
bulk.add atom('O8', '0', -0.25, 0.1443376, 2.0, 0.08, 1.0)
bulk.add atom('09', '0', 0.0, 0.288675, 2.0, 0.08, 1.0)
bulk.add_atom('Al3', 'al', 0.0, 0.57735, 2.5, 0.08, 0.65)
bulk.add atom('Ta3', 'ta', 0.0, 0.57735, 2.5, 0.08, 0.35)

c-plane Al,Os:

bulk.add_atom('Al', 'al', 0.3333, 0.6667, 0.0189, 0.08, 1.0)
bulk.add atom('Al2', 'al', 0.0, 0.0, 0.1477, 0.08, 1.0)
bulk.add_atom('Al3', 'al', 0.6667, 0.3333, 0.1856, 0.08, 1.0)
bulk.add_atom('Al4', 'al', 0.3333, 0.6667, 0.3144, 0.08, 1.0)
bulk.add atom('AlS', 'al', 0.0, 0.0, 0.3523, 0.08, 1.0)
bulk.add atom('Al6', 'al', 0.6667, 0.3333, 0.4811, 0.08, 1.0)
bulk.add atom('Al7', 'al', 0.3333, 0.6667, 0.5189, 0.08, 1.0)
bulk.add atom('AlS8', 'al', 0.0, 0.0, 0.6477, 0.08, 1.0)
bulk.add atom('Al9', 'al', 0.6667, 0.3333, 0.6856, 0.08, 1.0)
bulk.add atom('A110', 'al', 0.3333, 0.6667, 0.8144, 0.08, 1.0)
bulk.add atom('A111", 'al', 0.0, 0.0, 0.8523, 0.08, 1.0)
bulk.add atom('A112', 'al', 0.6667, 0.3333, 0.9811, 0.08, 1.0)



bulk.add_atom('O', '0', 0.3603, 0.3333, 0.0833, 0.08, 1.0)
bulk.add_atom('O2', '0', 0.9731, 0.6397, 0.0833, 0.08, 1.0)
bulk.add atom('O3', '0', 0.6667, 0.0269, 0.0833, 0.08, 1.0)
bulk.add atom('O4', '0', 0.0, 0.3064, 0.25, 0.08, 1.0)
bulk.add_atom('O5', '0', 0.6936, 0.6936, 0.25, 0.08, 1.0)
bulk.add atom('O6', '0', 0.3064, 0.0, 0.25, 0.08, 1.0)
bulk.add_atom('O7', '0', 0.0269, 0.6667, 0.4167, 0.08, 1.0)
bulk.add_atom('O8', '0', 0.6397, 0.9731, 0.4167, 0.08, 1.0)
bulk.add_atom('09', '0', 0.3333, 0.3603, 0.4167, 0.08, 1.0)
bulk.add atom('O10', '0', 0.6667, 0.6397, 0.5833, 0.08, 1.0)
bulk.add_atom('O11", '0', 0.3603, 0.0269, 0.5833, 0.08, 1.0)
bulk.add_atom('O12', '0', 0.9731, 0.3333, 0.5833, 0.08, 1.0)
bulk.add atom('O13', '0', 0.0, 0.6936, 0.75, 0.08, 1.0)
bulk.add atom('O14', '0', 0.3064, 0.3064, 0.75, 0.08, 1.0)
bulk.add atom('O15', '0', 0.6936, 0.0, 0.75, 0.08, 1.0)
bulk.add atom('O16', '0', 0.3333,0.9731, 0.9167, 0.08, 1.0)
bulk.add atom('O17','0', 0.0269, 0.3603, 0.9167, 0.08, 1.0)
bulk.add atom('O18', '0', 0.6397, 0.6667, 0.9167, 0.08, 1.0)

Bi:Se;:

BSe.add atom('Bi', 'bi', 0.3333, 0.6667, 0.0675, 0.08, 1.0)
BSe.add atom('Bi2', 'bi', 0.3333, 0.6667, 0.2659, 0.08, 1.0)
BSe.add atom('Bi3', 'bi', 0.0, 0.0, 0.4008, 0.08, 1.0)
BSe.add atom('Bi4', 'bi', 0.0, 0.0, 0.5992, 0.08, 1.0)
BSe.add atom('Bi5', 'bi', 0.6667, 0.3333, 0.7341, 0.08, 1.0)
BSe.add atom('Bi6', 'bi', 0.6667, 0.3333, 0.9325, 0.08, 1.0)

BSe.add atom('Se', 'se', 0.0, 0.0, 0.0, 0.08, 1.0)

BSe.add atom('Se2', 'se', 0.6667, 0.3333, 0.1216, 0.08, 1.0)
BSe.add atom('Se3', 'se', 0.0, 0.0, 0.2117, 0.08, 1.0)
BSe.add atom('Se4', 'se', 0.6667, 0.3333, 0.3333, 0.08, 1.0)
BSe.add_atom('Se5', 'se', 0.3333, 0.6667, 0.4550, 0.08, 1.0)
BSe.add atom('Se6', 'se', 0.6667, 0.3333, 0.5450, 0.08, 1.0)
BSe.add atom('Se7', 'se', 0.3333, 0.6667, 0.6667, 0.08, 1.0)
BSe.add atom('Se8', 'se', 0.0, 0.0, 0.7883, 0.08, 1.0)
BSe.add atom('Se9', 'se', 0.3333, 0.6667, 0.8784, 0.08, 1.0)

SrTiO; (001):
STO.add_atom('St", 'sr', 0.0, 0.0, 0.0, 0.08, 1.0)
STO.add_atom('Ti", 'ti", 0.5, 0.5, 0.5, 0.08, 1.0)
STO.add_atom('O1', 0, 0.5, 0.0, 0.5, 0.08, 1.0)
STO.add_atom('02', 0", 0.0, 0.5, 0.5, 0.08, 1.0)
STO.add_atom('03', 0, 0.5, 0.5, 0.0, 0.08, 1.0)

Srvo; (111):
SVO.add atom('Srl', 'st’, 0.0, 0.0, 0.0, 0.08, 1.0)
SVO0.add_atom('O1','0', 0.5, 0.0, 0.0, 0.08, 1.0)
SVO0.add_atom('02','0', 0.25, 0.43301, 0.0, 0.08, 1.0)
SVO.add_atom('03', 0", -0.25, 0.43301, 0.0, 0.08, 1.0)

231
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SVO.add_atom('V1','v', 0.5, 0.288675, 0.5, 0.08, 1.0)

SVO.add_atom('Sr2', 'st', 0.0, 0.57735, 1.0, 0.08, 1.0)
SVO.add_atom('O4', '0', 0.25, 0.1443376, 1.0, 0.08, 1.0)
SVO.add_atom('OS5', '0', 0.75, 0.1443376, 1.0, 0.08, 1.0)
SVO.add_atom('O6', '0', 0.5, 0.57735, 1.0, 0.08, 1.0)
SVO.add_atom('V2','v', 0.0, 0.0, 1.5, 0.08, 1.0)

SVO.add_atom('Sr3', 'st', 0.5, 0.288675, 2.0, 0.08, 1.0)
SVO.add_atom('O7', '0', 0.25, 0.1443376, 2.0, 0.08, 1.0)
SVO.add_atom('O8', 'o', -0.25, 0.1443376, 2.0, 0.08, 1.0)
SVO.add_atom('09', 'o', 0.0, 0.288675, 2.0, 0.08, 1.0)
SVO.add_atom('V3','v', 0.0, 0.57735, 2.5, 0.08, 1.0)
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Appendix B: Multicarrier fitting for [001]-oriented SrVO3
This appendix details the multicarrier fitting of SrVO; with varying levels of disorder in

Chapter 6. The temperature dependent transverse Hall resistance, Ry, is shown in Figure B-1 for

xXys
eight respective SrVO; samples with disorder ranging from the disordered limit with RRR=4 to the
ultraclean limit with RRR=187. At temperatures below 200 K, distinct nonlinearities emerged as
shown in contour plots of dR,, /dB as a function of disorder and temperature in Figure B-2.

The transverse Hall resistance was then fit following the procedure outlined in Section
3.2.3 where Eq. 3.27 was used to model the experimentally determined transverse resistivity with
an arbitrary number of carrier channels. For this study, the sign of the Hall coefficient was
accounted for by choosing a negative carrier concentration for the electron channels. Following
previous multicarrier fitting of SrVOs, two electron channels and a single hole channel were
used.?? A choice of three carrier channels results in a fitting of six variables; therefore, to simplify
the fitting, R, and dR,,/dB at zero field were used as additional fitting constraints. Fitting was
done in Mathematica using a nonlinear model fit with 1000 iterations. For each sample, single
carrier fits were first performed at room temperature. Fits at progressively lower temperatures were
then completed using the previous fit as the starting condition. As nonlinearities in R,, emerged,
the addition of a hole channel was required to achieve reasonable fits. At temperatures below 40 K,
the two-carrier model could no longer capture the nonlinearities and a three-carrier model was used.
Experimentally measured data for each sample with corresponding fits are shown as dRy, /dB

versus B plots in Figures B-3 to B-10 since the nonlinearities are not clear from Ry, as seen in

Figure B-1.
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Figure B-1: Temperature dependent transverse Hall resistance for samples of varying RRR ranging from
(a) ultraclean SrVO; with RRR=187 to (h) highly disordered SrVO; with RRR=4 for 2 K < T <300 K.
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Figure B-2: Contour plots of the first derivative of the transverse hall resistance as a function of temperature
for samples of varying RRR ranging from (a) ultraclean SrVOs; with RRR=187 to (h) highly disordered

SrVO; with RRR=4 for 2 K < T <300 K.
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Figure B-3: dR,,/dB as a function of magnetic field strength with corresponding multicarrier fits for SrVO;

with RRR=187.
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Figure B-4: dR,,/dB as a function of magnetic field strength with corresponding multicarrier fits for SrVO;
with RRR=158.
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Figure B-5: dR,,/dB as a function of magnetic field strength with corresponding multicarrier fits for SrVO;
with RRR=98.
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Figure B-6: dR,,/dB as a function of magnetic field strength with corresponding multicarrier fits for SrVO;
with RRR=88.
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Figure B-7: dR,,/dB as a function of magnetic field strength with corresponding multicarrier fits for SrVO;
with RRR=56.
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Figure B-8: dR,,/dB as a function of magnetic field strength with corresponding multicarrier fits for SrVO;
with RRR=28.
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Figure B-9: dR,,/dB as a function of magnetic field strength with corresponding multicarrier fits for SrVO;
with RRR=10.
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Figure B-10: dR,,/dB as a function of magnetic field strength with corresponding multicarrier fits for STVO3
with RRR=4.
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