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Abstract 

 Binary and mixed oxides incorporating transition metal cations host a broad range of 

scientifically compelling and technologically significant optical, electronic, and magnetic 

properties. Transition metal oxides (TMOs) are being explored for applications in energy storage, 

optoelectronics, sensors, and magnetic storage among many other potential uses. The diverse range 

of physical properties within this class of materials arises from the large flexibility in chemical 

compositions and crystal structures. These compositions and structures can be generated during 

synthesis or tailored after synthesis with external stimuli.  

In this thesis, I develop strategies for reaching structural and chemical states in transition 

metal oxides with technologically important optical and electronic properties. I demonstrate a new 

synthesis strategy for single-crystal SrVO3 films – a transparent conducting oxide with potential 

applications in display and photovoltaic technologies – using solid-phase epitaxy. By this 

technique, epitaxial layers of SrVO3 are crystallized from amorphous precursor films. The 

electrical conductivity and visible light transmission in these epilayers are comparable with SrVO3 

formed through other epitaxial synthesis methods. This synthesis route employs thin film 

deposition and crystallization techniques that are scalable to m2 surface areas. Scalability is a 

crucial step for commercial applications of transparent conducting oxide layers. 

 Crystal growth from amorphous precursor films is a recent development for transition 

metal oxides that have traditionally been synthesized using vapor-phase epitaxy. As a result, 

fundamental insight into the amorphous-to-crystalline transformation and defect formation 

processes in solid-phase epitaxy for transition metal oxides is comparatively rare. In situ 

synchrotron x-ray characterization is a powerful experimental approach for gathering mechanistic 

insight for crystal growth processes. I have designed new instrumentation for synchrotron x-ray 
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studies of the amorphous layer deposition, crystallization, and defect formation processes inherent 

to solid-phase epitaxy. This instrumentation combines a vacuum sample deposition and 

crystallization environment with x-ray focusing optics for in situ x-ray microbeam diffraction, 

reflectivity, and scattering studies. Design features and key capabilities are demonstrated through 

a series of results from experiments performed during the commissioning of the instrument at the 

Advanced Photon Source.  

 In a separate ex-situ study, I examine the crystal structure of micrometer-scale regions of 

SrTiO3 crystallized from nanoscale seeds using lateral solid-phase crystallization. Using a high-

energy synchrotron x-ray beam focused to 200 nm, I reveal a continuous rotation in the lattice 

planes in the laterally crystallized regions. A rotation of nearly 25° per micrometer of lateral 

crystallization is measured for several SrTiO3 crystals independent of the crystallographic 

orientation of the growth front. The uniform lattice rotation rate suggests a single defect formation 

process that is characteristic of lateral crystal growth through an amorphous precursor layer. These 

findings support a hypothesis that the lattice rotation is driven by dislocations that form in response 

to mechanical stresses arising from the density difference across the crystal-amorphous interface.  

Controlling the oxygen environment is crucial to forming specific structural phases during 

synthesis. Similarly, modifications to oxygen stoichiometry can be used to modify the physical 

properties in epitaxial thin films of multivalent transition metal oxides. In this project, I use x-ray 

nanobeam diffraction and scanning near-field optical microscopy to simultaneously probe the 

structural and optoelectronic features of oxygen-deficient epitaxial monoclinic vanadium dioxide 

thin-films. In this study, an electrically conductive phase is patterned in insulating vanadium 

dioxide using intense electric fields delivered from an atomic force microscope probe. Electrical 

conductivity arises from oxygen vacancies created in the presence of the electric field that modify 
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the electronic band structure. The stability and relaxation of the electrically conducting state are 

governed by the oxygen vacancy dynamics that can be manipulated with hard x-ray irradiation. 

This study demonstrates a way to manipulate nanoscale structural and electronic states in 

vanadium dioxide with local electric fields and focused hard x-rays, bringing new insights into the 

stability of the oxygen-deficient conductive phase of vanadium dioxide. 
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Chapter 1:  Introduction and Motivation 

1.1 Overview and introduction 

Crystalline oxide thin-films incorporating transition metal cations constitute a class of 

materials that has widespread importance in fundamental materials science, possessing an 

impressive range of functionalities that are just now being leveraged for technological applications. 

Important discoveries within this class of materials in the last several decades range from high-

critical-temperature superconductivity in cuprates to multiferroicity in ternary oxides such as 

BaTiO3, BiFeO3, and YMnO3.1-4 Other discoveries in transition metal oxides (TMOs) are closer 

to finding technological applications, including strong electron correlation leading to optically 

transparent and electrically conductive states in perovskite vanadates such as SrVO3 and CaVO3 

and the tunable metal-insulator transition in VO2.5-7 Each of these discoveries has seeded new 

directions in fundamental materials research, with particular emphasis on materials synthesis and 

integration methods that result in finer control over materials properties. 

Advancement in thin film epitaxial synthesis has driven much of this discovery. Vapor- and 

solid-phase epitaxy are now capable of reaching narrow processing conditions and wielding 

extraordinary control over structural and chemical aspects of the crystal growth. A key step to 

bringing TMOs into the application realm is developing synthesis techniques that accommodate 

the scale and geometry constraints imposed by device applications. For instance, transparent 

conducting oxide (TCO) layers in display and photovoltaic applications require deposition and 

crystallization on the square meter scale, far beyond the reach of vapor-phase synthesis strategies 

that rely on millimeter scale single crystal substrates or laser ablation. Expanding the scope of 

synthesis for functional transition metal oxides is, therefore, an important step toward overcoming 

the mismatch in scale between synthesis and application.   
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The crystallization of amorphous TMO precursors also introduces new challenges in thin-film 

epitaxy. In many instances, the amorphous phase of a material has a density that is significantly 

lower than the crystalline phase that forms during SPE due to larger average interatomic spacing.8, 

9 The crystallization of the less-dense amorphous precursor is accompanied by a densification that 

introduces states of mechanical stress that may induce plastic deformation, crystal defect 

formation, and/or cracking as a strain relaxation mechanism. Understanding and controlling this 

mechanical stress is, thus, a crucial element of the complex oxide thin film synthesis by SPE.  

In addition to the structural control exerted during thin-film synthesis, discoveries into the 

interplay between crystal structures, charge, and orbital configurations in strongly correlated 

TMOs have enabled new approaches for reaching novel structural, chemical and electronics states. 

Recent progress in the dynamic manipulation of the oxygen vacancies has paved the way to new 

device architectures and functionalities that depend on a large change in electrical conductivity 

associated with oxygen vacancy formation in monoclinic VO2.7, 10  

The mechanism by which room temperature monoclinic VO2 undergoes a transformation to an 

electrically conductive state depends on the formation of oxygen vacancies within the film.7, 11 

This transformation is distinct from other mechanisms for inducing a metal-insulator transition in 

VO2, including the temperature-driven Mott and Peierl’s transition.12 When intense electric fields 

are delivered by nanoscale conductive AFM probes to the surface of VO2, an ionic liquid of H3O+ 

is created by the oxidation of water present in ambient conditions.7 The VO2 undergoes a reduction 

reaction wherein oxygen is depleted from the VO2 lattice, leaving charged oxygen vacancies. In 

order to maintain charge balance within the lattice, two free electrons are needed to compensate 

the 2+ charge of each oxygen vacancy. At significant concentrations of oxygen vacancies, enough 
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free electrons populate the vanadium d-orbitals, causing the VO2-δ structure to exhibit metal-like 

electrical conductivity. 

1.2 Outline of thesis 

The scope of this thesis spans aspects of complex oxide synthesis by solid-phase epitaxy, 

design of new instrumentation for in situ structural and chemical studies of materials synthesis and 

transformations, and multimodal studies of resistivity switching in strongly correlated oxides 

through the dynamic control of oxygen vacancies. My contributions to each of these areas are 

linked by the development of new instrumentation and synthesis methods.  

In Chapter 1, I review key aspects of characterization and synthesis techniques that arise 

throughout this thesis. The basic elements of solid-phase crystallization are discussed, including 

layer deposition by radio-frequency (RF) magnetron sputtering and crystallization of amorphous 

precursor films. Fundamental aspects of structural characterization using x-ray reflectivity are 

presented. Concepts and technologies for focusing synchrotron x-rays are presented in the next 

section, with emphasis on the x-ray optics that have been used in the work in subsequent chapters. 

Finally, I introduce scattering-type scanning near-field optical microscopy as a means to probe 

optoelectronic properties in strongly correlated transition metal oxides.   

Chapter 2 describes the synthesis of the strongly correlated transition metal oxide SrVO3 using 

solid-phase epitaxy. I characterize the performance of these epitaxial SrVO3 layers as transparent 

conductors using electrical transport and optical transmission spectroscopy measurements. A 

detailed analysis of the crystal structure of SrVO3 films is included in this chapter. A key finding 

of this work is that, despite relatively high defect densities in SrVO3 grown by solid-phase epitaxy, 

the transparent conductor figure-of-merit is comparable to other synthesis techniques.  
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Chapter 3 describes new instrumentation that I designed and implemented for in situ hard x-

ray synchrotron studies of amorphous layer deposition and subsequent crystallization. This work 

was done in collaboration with my colleague Peiyu Quan, who integrated the electronics and 

controllers in the distributed control software used at most light sources and assembled the input 

optics platform. Together, we performed a series of commissioning beamtimes in which the 

instrument was installed at Station 12-ID-D of the Advanced Photon Source. The results of these 

commissioning studies are presented in this chapter.  

In Chapter 4, I discuss the results of a high energy x-ray scanning diffraction microscopy 

measurement of micrometer-scale regions of SrTiO3 crystallized laterally from an amorphous 

precursor deposited over nanometer-scale SrTiO3 seed crystals. The samples used in this study 

were prepared by Yajin Chen. My diffraction experiment revealed that these laterally crystallized 

regions of SrTiO3 exhibit a continuous rotation of the lattice that results, likely, from a large tensile 

stress arises across the crystal-amorphous interface. The rotation axis lies in the plane of the 

substrate and is always perpendicular to the growth direction of the crystallization front. 

Interestingly, the rate of rotation does not depend on the orientation of the crystalline regions. This 

work has important implications for the development of large area epitaxial films synthesized by 

lateral solid-phase epitaxy from seeds.  

In Chapter 5, I present a study for dynamically controlling the electronic properties of strongly 

correlated VO2 using both scanning probe lithography and focused synchrotron x-rays to modify 

the oxygen stoichiometry. X-ray nanodiffraction is coupled with scattering-type scanning near-

field optical microscopy at the APS beamline to provide in situ nanoscale characterization of 

structural and electronic properties. A key finding in this work is to reveal the correlated structural 

and electronic evolution of metastable VO2 phases induced by local electric fields and x-ray dose. 



5 
 

A new conductive state that emerges after prolonged x-ray irradiation in regions of VO2 that had 

previously been transformed from insulating to metallic using scanning probe lithography. The 

demonstrated technique opens new avenues for nanoscale control and characterization of 

functional oxides.  

1.3 Complex metal oxide thin film synthesis by solid-phase crystallization  
 

Solid-phase epitaxy (SPE) is a promising route for large-surface-area formation of complex 

metal oxides and growth of epitaxial structures beyond planar thin-films.13, 14 The solid-phase 

precursor in this work is an amorphous layer that is formed through the transfer of a target material 

to a substrate at room temperature using physical vapor deposition. Subsequent thermal processing 

drives an amorphous-to-crystalline transformation of the precursor. The crystalline phase is 

controlled through a combination of crystallization conditions where the thermodynamics are 

favorable for a particular structural phase and through lattice matching with a single crystal 

substrate or a nanoscale seed crystal.15  

The separation of the deposition and crystallization stages of crystal growth has important 

implications for the thin-film synthesis of transparent conducting layers at technologically relevant 

scales. In particular, amorphous precursor TCO films can be produced using radio frequency (RF) 

magnetron sputtering – a vital technology for producing large-scale thin film coatings from a broad 

range of materials including transparent conducting oxides.16 Magnetron sputtering has matured 

into the preferred technology for producing continuous thin film coatings with high uniformity in 

thickness, low contamination, low manufacturing costs, and high electronic conductivity.17  

A schematic showing the basic elements of a magnetron sputtering system is shown in Figure 

1-1. A vacuum system capable of reducing the deposition chamber pressure to Pchamber < 10-6 Torr 
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is typically used to prepare the process environment. After reaching the base pressure of the 

vacuum system, the chamber is backfilled with the process gas or gas mixture. A typical gas 

environment for sputtering processes is composed of ultra-high purity argon for creating a plasma 

and oxygen for controlling the oxygen concentration in the deposited film. Once the process 

pressure is reached, RF power is supplied to the sputtering source. The RF power is typically 

supplied at a frequency f = 13.56 MHz. The argon gas becomes ionized in the electric field 

produced by the RF power. When the electric field produces a negative bias between the cathode 

(target) and anode (sample stage), ionized argon is bombarded into the target surface. During a 

sputtering process, positive ions may build up on the surface of electrically insulating targets. 

Figure 1-1 A typical RF magnetron sputtering process. The blue circles 
represent atoms removed from the target after bombardment with ionized 
argon (pink circles). Magnetic field lines near the target surface are indicated 
by the dashed lines. 
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When the electric field switches to produce a positive bias between the cathode and anode, these 

positive ions are removed from the target surface and the target surface is prepared for the next 

cycle of argon ion bombardment. Secondary electrons emitted from the target after bombardment 

by ionized argon are contained to the near-cathode-surface region with a magnetic field. The 

magnetic field around the cathode is created by an outer array of magnets surrounding an inner 

magnet with opposite poles. Electrons within the magnetic field collide with argon atoms to create 

more ionized argon, helping to sustain the plasma near the target surface.  

The kinetic energy imparted from the incident argon ion to the target dislodges atoms from the 

target surface which have sufficient kinetic energy to reach the substrate surface. The mean-free-

path for sputtered species depends on the background pressure in the chamber but is typically 

smaller than the sample-to-target distance.18 As a result, sputtered atoms that have reached the 

surface of the substrate have undergone collisions that reduced their kinetic energy. For creating 

an amorphous film, the lower kinetic energy of adatoms is desirable because surface diffusion will 

be reduced and metastable structures (i.e., amorphous phases) can be formed.  

The continuous amorphous layer created by magnetron sputtering of a target material onto a 

substrate at near-room-temperature is the precursor for epitaxial growth by solid-phase epitaxy. 

Subsequent crystallization of the amorphous layer can be induced through several methods 

including thermal annealing, mechanical stress, and electron beam irradiation.14, 19, 20 The synthesis 

and characterization described in Chapters 2-4 of this thesis rely on amorphous films crystallized 

through thermal annealing.  
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1.4 Structural characterization with advanced x-ray scattering methods 
1.4.1 X-ray reflectivity   

X-ray reflectivity is a thin-film characterization technique that is based on the scattering of 

x-ray radiation from interfaces between layers with dissimilar electron densities. The scattering of 

x-rays passing through a film with electron density ρ is described in terms of the angle at which 

total reflection occurs. Total reflection of an incident x-ray beam occurs when the incident angle 

is below a critical angle, θc, given by 

𝑐𝑜𝑠(𝜃!) = 𝑛 = 1 − 𝛿 

Equation 1.1 

where n is the refractive index of the film and δ accounts for the scattering in the film and is 

defined as  

𝛿 = "!
#$
𝜆#𝜌.21 

Equation 1.2 

Here, re is the classical radius of the electron, λ is the incident x-ray wavelength, and ρ is the 

electron density in the scattering medium. Since n ≈ 1, a Taylor approximation can be employed 

to express the critical angle θc as 

𝜃! = √2𝛿 = 1"!%
#$

#
𝜌	. 

Equation 1.3 
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X-rays that penetrate a film (i.e., when θ > θc) are reflected from interfaces. Assuming perfectly 

flat interfaces, the amplitude of the reflected wave is described by the modulus of the Fresnel 

relationship, or 

𝑅(𝜃) = 4
&'(&	#$'&%$'#)*	

&,(&	#$'&%$'#)*
4

#

.22  

Equation 1.4 

In terms of the scattering vector given by 𝑄- = 4𝜋𝑠𝑖𝑛𝜃/𝜆, the reflectivity amplitude is given by  

𝑅(𝑄) = 4
.#'(.	#$'.%$'

&$'()$

*$
	

.#,(.	#$'.%$'
&$'()$

*$

4

#

. 

Equation 1.5 

In the case of heterostructures with layers of different electron densities, the multiple reflections 

that arise from reflectivity at each interface cannot be described by Eqn. 1.5. Instead, a dynamical 

theory of reflectivity is used to describe the reflectivity at each interface. For multilayer structures 

in which the reflection coefficients at interfaces j and j+1 are rj and rj+1, the reflection coefficient 

is given by  

𝑟 =
𝑟/,1# + 𝑟1,## 𝑒'#)2#,,3

1 + 𝑟/,1𝑟1,#𝑒'#)2#,,3
 

Equation 1.6 

where kz,j is the z-component of the wavevector in the jth layer, which has thickness h.22 Squaring 

Eqn. 1.6 gives the reflectivity amplitude: 
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𝑅 = "-,,$ ,",,$$ ,#"-,,",,$!45#2#,,3
1,"-,,$ ",,$$ ,#"-,,",,$!45#2#,,3

. 

Equation 1.7 

From the reflectivity amplitude given in Equation 1.7, the cosine terms indicate a periodic 

dependence on Qz. The period of oscillation in R is a result of the constructive interference in the 

reflected waves from the interfaces j and j+1. 

In practice, ideally flat surfaces and interfaces are impossible to create. Roughness is a 

basic characteristic of most interfaces, with important implications during synthesis and on 

interfacial functional properties such as electronic transport. Interface roughness σ is accounted 

for statistically with a height difference correlation function 𝑔(𝑋, 𝑌), which describes the 

correlation in heights z(x,y) and z(x+X, y+Y) as 

𝑔(𝑋, 𝑌) = 〈B𝑧(𝑥, 𝑦) − 𝑧(𝑥 + 𝑋, 𝑦 + 𝑌)F#〉.22 

Equation 1.8 

Assuming the root-mean-square roughness does not depend on position, then z(x,y) = z(x+X, 

y+Y) and 𝑔(𝑋, 𝑌) can be expressed as 

𝑔(𝑋, 𝑌) = 2𝜎# − 2〈𝑧(𝑥, 𝑦)𝑧(𝑥 + 𝑋, 𝑦 + 𝑌)〉 = 2𝜎# − 2𝐶(𝑋, 𝑌) 

Equation 1.9 

where  𝐶(𝑋, 𝑌) is the height-height correlation function. If the roughness is much smaller than 

the thickness of the film (i.e., σ ≪ h), the modified reflectivity amplitude after accounting for 

interface roughness is  

𝑅(𝑄-) = 𝑅67/(𝑄-)𝑒'.#,-.#,,	6
$ 
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Equation 1.10 

where 𝑅67/ is the reflectivity amplitude from an ideally flat surface and 𝑄-,/ and 𝑄-,1 are the 

wavevector transfers in air and in the film, respectively.  

 In practice, the roughness of interfaces is too large to be accounted for in the dynamical 

approximation by which Equation 1.10 was arrived at. A better way to account for the diffuse 

scattering that results from x-ray reflectivity from rough interfaces is to use a kinematical 

approximation. In the kinematical theory of reflectivity, multiple reflections and refraction within 

layers are neglected. The kinematical reflectivity amplitude is  

𝑅(𝑄-) = 𝑅67/ K
1

𝜌(𝑧 → ∞)N
𝑑𝜌(𝑧)
𝑑𝑧 𝑒).#-𝑑𝑧K

#

 

Equation 1.11 

where the electron density profile 𝜌(𝑧) across n layers is  

𝜌(𝑧) = 𝜌/ + ∑ 8./,'8.
#

9
:7/ Q1 + erf	 U-'-.

√#6.
VW.23  

Equation 1.12 

In the kinematical approximation, the reflectivity amplitude is predicted well when Qz > Qc. 

When Qz ≤ Qc, a higher-order Born approximation is needed to accurately predict the specular 

reflectivity.24 

1.4.2 Synchrotron x-ray nanobeam diffraction and microscopy 

Recent advances in synchrotron x-ray sources and x-ray focusing optics have birthed a new 

regime of non-destructive structural characterization. X-ray beams focused to 10’s of nanometers 
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are now routinely used for non-destructive structure imaging, spectroscopy, and in situ time-

resolved studies. 25-30  Fourth generation synchrotron sources including the European synchrotron 

and the upgraded Advanced Photon Source can provide photon fluxes that are nearly three orders 

of magnitude higher than third generation sources. Similarly, the horizontal beam emittance will 

be two orders of magnitude smaller in the newer generation sources, resulting in a symmetric beam 

profile that will increase focusing efficiency. 

Synchrotron x-rays can be focused to sub-micrometer or nanometer beam sizes by a 

number of methods, with the most commonly used techniques involving Fresnel zone plates, 

Kirkpatrick-Baez (KB) mirrors, and compound refractive lenses.  Advances in manufacturing in 

recent decades have pushed each of these x-ray focusing technologies toward the diffraction limit. 

However, there are important limitations to each method. In this section, I will briefly discuss the 

capabilities and limitations of these x-ray focusing methods.  

Fresnel zone plate optics are used to focus x-rays with energies in the range of 5-15 keV. High-

precision deposition and lithography techniques are employed to create concentric transmissive 

zones of increasing radius, rn.31 The width of individual zones, drn, decreases as the radius rn 

increases. The radius of each ring is carefully controlled so that the light passing through the 

transmissive zones constructively interferes at the focus point. If the x-ray wavelength is much 

less than the optical path lengths between the source and focus point, then the focal length of a 

Fresnel zone plate can be written as 

𝑟9# = 𝑛𝜆𝑓 

Equation 1.13 

where λ is the x-ray wavelength, n is the diffraction order, and f is the focal length. 
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 The spatial resolution achievable with Fresnel zone plate optics is a function of the 

numerical aperture of the zone plate, NA, which can be expressed as 

𝑁𝐴 = "0
<
= =%

#>"0
. 

Equation 1.14 

Here, m is the diffraction order, λ the x-ray wavelength, and drn is the width of the outermost 

zone. Using the Rayleigh criterion, the smallest resolvable object with a zone plate resolution σZP 

is 

𝜎?@ = 1.22 %
#AB

= 1.22 >"0
=

. 

Equation 1.15 

In practice, the resolution of a zone plate depends also on its mechanical stability and the 

precision with which it was fabricated. 25, 28, 32, 33   

 X-ray focusing with compound refractive lenses (CRL) was realized in the 1990s when 

Snigirev et al. demonstrated that 14 keV x-rays could be focused to an 8 μm probe by passing the 

beam through 30 closely spaced cylindrical holes drilled in an aluminum block.34 The refraction 

of x-rays passed through a single lens of any material is negligible, given that the index of 

refraction for x-rays is near unity in most media. However, a series of precisely spaced and shaped 

lenses of low-Z materials such as Al and Be result in stronger focusing, bringing the focal length 

into an experimentally practical regime.  

 The focal length of a CRL composed of N lenses is  

𝑓 =
𝑅
2𝑁𝛿 
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Equation 1.16 

where R is the lens radius and δ is the refractive decrement in the lens material (δ = 2.8 × 10-6 for 

Al). The resolution of a CRL, σCRL, is defined in terms of the image distance rf, numerical 

aperture of the lenses and focal length as  

𝜎CDE =
𝜆𝑟<
𝑁𝐴 

Equation 1.17 

where 𝑟< =
<"-
"-'<

 with 𝑟/ being the source distance. Most of the focusing in a cylindrical lens 

occurs near the center of the cylinder where the lens is closest to parabolic. Beyond the parabolic 

region of the lens, the absorption needs to be accounted for. Therefore, the numerical aperture of 

a cylindrical lens can be written as 

𝑁𝐴 = 2𝑅 ] #
FDA

^
,
$. 

Equation 1.18 

Here, μ is the linear absorption coefficient. 

 Focusing x-rays with a CRL results in an intensity gain at the focal point. For a source 

width σs, the gain at the focal point is  

𝑔 = 𝑎
𝑁𝐴
𝜎5
`
𝑟/
𝑟<
+ 1a 

Equation 1.19 

where  𝑎 = 𝑒'FA> accounts for the absorption a linear array of N lenses with spacing d.29  
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X-ray focusing with mirror optics is oldest among the focusing methods discussed in this 

section. KB mirrors employ two total reflection elliptical mirrors with perpendicular surface 

normals to achieve horizontal and vertical focusing.35 Total reflection mirrors result in higher 

focusing efficiency, however, the shape of the focused beam wavefront is easily distorted by 

imperfections on the mirror surfaces. Advancements in surface polishing have improved the 

focused beam profile produced by KB mirrors.25 The introduction of adaptive optics such as 

deformable mirrors that compensate for surface imperfections has led to further decrease in beam 

size and profile, with a 7 nm beam demonstrated by Mimura et al.29 

1.4.3 Scanning diffraction imaging with focused x-ray probes 

Scanning x-ray diffraction imaging (SXDI) is a powerful microscopy technique that gives 

detailed insight into nanoscale structural phenomena without requiring extensive specimen 

preparation. Advancements in x-ray area detectors, sample positioning and x-ray optics have been 

crucial to enabling fast, high-resolution imaging experiments. Synchrotron beamlines with 

dedicated x-ray microscopes can readily perform imaging experiments with probe sizes less than 

30 nm.26, 28, 29 
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A typical x-ray diffraction microscope is shown schematically in Figure 1-2. This x-ray 

microscope is configured to use Fresnel zone plate focusing optics. A center stop positioned at the 

center of the zone plate absorbs most of the primary beam that would not otherwise be focused by 

the zone plate. An order sorting aperture is used to select the first order focused beam and block 

the higher order focused beams and any unfocused light from around the zone plate. The sample 

is mounted to a stage that integrates translation and rotation stage for sample alignment, raster 

scanning, and diffraction measurements. The intensity of the scattered light is recorded in the far-

field with a pixel array detector. The schematic shows a single incident angle θ, defined as the 

angle between the surface of the sample and the incident wavevector. In practice, focusing from 

Fresnel zone plates results in a narrow range of incident angles set by the divergence of the beam.  

In SXDI, the imaging contrast arises from the diffraction of incident x-rays from nanoscale 

structural features in the sample. The far-field diffracted intensity is collected with an x-ray 

detector, usually a two-dimensional pixel array detector. The object being measured in SXDI is 

Figure 1-2 X-ray diffraction microscope with Fresnel zone plate 
optics. The x-ray microscope includes a beam stop (1), Fresnel zone 
plate (2), order sorting aperture (3), sample with translation and 
rotation degrees of freedom (4), and a pixel array detector (5).  
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the integrated intensity of Bragg reflections captured with the detector. The intensity of Bragg 

reflections can either be localized to a few pixels for highly uniform single crystals, or it can 

continuously distributed among many pixels in the case of diffraction from crystals with high 

defect densities. The diffraction patterns collected during an SXDI measurement are used to 

construct a structural model of the sample. Unlike powder diffraction experiments in which 

hundreds of reflections are recorded and used in complicated refinement algorithms, the diffraction 

patterns collected in SXDI experiments can be directly analyzed to find spatial variations in the 

crystal structure.  

Elastic scattering of x-rays from non-periodic structures including amorphous layers and 

extended crystal defects can be used in conjunction with Bragg reflections in SXDI to reveal 

coexisting structural states. Two studies in this thesis employ coexisting diffraction and scattering 

signals on pixel array detectors to understand heterogenous thin film structures. In Chapter 4, I use 

amorphous scattering and crystalline diffraction to understand the spatial distribution of laterally 

crystallized SrTiO3 grown within an amorphous matrix. In Chapter 5, diffraction patterns collected 

at the 200 Bragg condition capture diffuse scattering from of a second distinct structural state. The 

integrated intensities of both the Bragg reflection and the diffuse scattering are monitored in time 

to show how both phases evolve under x-ray irradiation.    

With the advancements in third and fourth generation light sources, x-ray optics, sample 

positioners and x-ray detectors, there is a growing demand x-ray microscopes with incorporated 

non-ambient sample environments. In situ and operando experiments with nanoscale x-ray probes 

open new frontiers in non-destructive structural and chemical imaging of processes in thin-film 

synthesis, phase transformations, and device operation. In Chapter 3, I will discuss key design 

challenges in the integration of x-ray focusing optics with thin film deposition systems.   
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1.5 Scanning probe microscopy and lithography  
 

1.5.1 Imaging and manipulating surfaces with atomic force microscopy 

Scanning probe microscopy (SPM) includes a broad range of imaging techniques in which the 

response of a nanoscale probe in close proximity to a sample surface is recorded as a function of 

probe position on the sample. One of the most widely used SPM techniques is atomic force 

microscopy (AFM) in which a probe with a radius of curvature on the order of 10 nm is used to 

map, among many surface properties, the physical topography of a surface.36 The probe is attached 

to a cantilever with a known resonant frequency. Imaging can be done in several modes:  tapping, 

contact, amplitude modulation frequency modulation modes. In tapping mode, a vertically 

oscillating probe is scanned over a sample with a constant probe tip-to-sample distance maintained. 

Changes in the height of the cantilever – usually detected by monitoring the position of a laser 

reflected from the cantilever – are recorded and used to reconstruct an image of the surface. In 

contact mode, a constant force is applied to the cantilever as it is scanned across the sample. As 

with tapping mode, a profile of the surface is made by monitoring the height changes in the 

cantilever.  

Besides surface imaging, SPM can be used to alter the properties of a sample within the tip-

sample interaction region. Scanning probe lithography has been used to pattern nanoscale features 

in thin-film samples. A μN-scale force applied to the cantilever in contact-mode can result in GPa-

scale pressures beneath the probe, which can be used to induce local phase transformations.37 A 

similar amplification due to the nanoscale radius of the probe tip results in enormous electric field 

magnitudes when the a conductive tip is biased.7 This method has been used to pattern features in 

ferroelectric thin-films and induce metallic states in strongly correlated transition metal oxides.38-
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40 In Chapter 5 of this thesis, I employ electrically-biased AFM probes to create electrically 

conductive regions of oxygen deficient VO2.  

1.5.2 Scattering-type scanning near-field optical microscopy 

Visible light microscopy has served the scientific community for more than a century as a 

widely accessible and fruitful characterization technique. However, the highest resolution in 

microscopy with visible wavelengths is on the order of 100’s of nm as defined by Abbe diffraction 

limit for a lens with NA = 1. Scattering-type near-field optical microscopy employs a method for 

exceeding the diffraction limit using nanoscale metallic scanning probe tips which result in 

mechanical and optical resolution that is determined by the radius of curvature at the probe tip.41-

43 

Typically, laser light is focused to the probe tip which is engaged with the sample in an AFM 

instrument configured for tapping mode imaging. An oscillating dipole is induced in the metallic 

tip from the incident radiation. As the tip is scanned across a sample, scattering of the oscillating 

dipole field from interactions in the near field light confined to the probe tip-sample interaction 

region is collected in the far field and used to image nanoscale features of the thin-film surface.  
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The near field interaction between a metallic probe tip and a sample is shown in Figure 1-3. A 

sphere with a radius a that matches the radius of curvature of the apex of the probe tip is typically 

assumed in analytical models.41 A second assumption is that the induced dipole field in the tip 

points in the z-direction, parallel to the sample surface normal.41  In this model, the amplitude and 

phase shift of the scattered field depends on the tip-sample separation along the z-axis. 

The contrast in s-SNOM imaging is a function of the dielectric constants of the probe tip and 

sample, ϵt and ϵs, respectively. An incident field induces a dipole in the probe tip with polarizability 

given by  

𝛼 = 4𝜋𝑎G H1'1
H1,#

. 41 

Figure 1-3 Model of s-SNOM in which near field scattering 
results from interactions between the probe tip dipole and 
mirror dipole in the sample. Here, the tip-sample interaction 
region is indicated in red. Adapted from Ref. 38.  

𝜖5 
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Equation 1.20 

When the tip is engaged with the sample, the tip dipole field induces a mirror dipole in the sample. 

The effective polarizability of the probe tip-sample system is given by  

𝛼J<< =
𝛼(1 + 𝛽)

1 − 𝛼𝛽
16𝜋(𝑎 + 𝑧)G

 

Equation 1.21 

where β is the dielectric response function of the sample defined as  𝛽 = H2'1
H2,1

.   

The contribution of free carriers to the complex dielectric function of the sample is 

important for interpreting s-SNOM characterization of an electrically conducting material. Free 

carriers modify the optical constants and can be understood in terms of the Drude model. The 

complex conductivity in the Drude model is  

𝜎(𝜔) = 9J$K
=∗(1')MK)

.44 

Equation 1.22 

Here, n is the carrier density, 𝜏 is the free carrier momentum relaxation time, and m and e are the 

mass and charge of the free carrier. The total dielectric function of the sample with contributions 

from the core dielectric constant of the sample, 𝜖!, and from the free carrier conductivity is  

𝜖5(𝜔) = 𝜖!(𝜔) +
4𝜋𝑖𝜎(𝜔)

𝜔 . 

Equation 1.23 

Equation 1.23 can be expressed in terms of the plasma frequency such that 
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𝜖5(𝜔) = 𝜖! −
9J$

=∗H-
	 1
M$,)45

= 𝜖! U1 −
M6$

M$,)45
V. 44, 45 

Equation 1.24 

A plasma frequency for a semiconductor or metal will exist if  

𝜖! >
O$9J$K$

=∗ .  

Equation 1.25 

Therefore, at low frequencies, the optical reflectivity will have a dominant contribution from free 

carrier conduction.44 

The effective polarizability predicts the amplitude of the scattered far field Es with  

𝐸5 ∝ 𝛼J<<𝐸). 

Equation 1.26 

Here, the coupled dipoles of the tip and sample are approximated by a point dipole. The 

polarizability of the tip and dielectric response function of the sample are each complex quantities, 

thus, Equation 1.26 also contains information about the phase of the scattered field. The complex 

valued effective polarizability can be expressed as  

𝛼J<< = 𝑠𝑒)P 

Equation 1.27 

where s and Ψ  are the relative amplitude and non-zero phase shift, respectively, of the scattered 

field.42  
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Because the excitation laser illuminates a relatively large volume around the tip-sample 

interaction region, s-SNOM measurements can have a significant background that complicates the 

analysis of samples with small dielectric response functions. A pseudo-heterodyne detection 

scheme suppresses this background while capturing the amplitude and phase of the scattered field. 

46 Figure 1-4 shows the optical configuration for conventional s-SNOM experiments. A metallic 

AFM tip driven with a frequency of Ω is engaged with a sample. A CO2 laser is passed to a beam-

splitter where a portion of the incident light is transmitted to a parabolic mirror and a portion is 

reflected along the reference arm of the interferometer. The parabolic mirror concentrates a beam 

to the tip-field region. The scattered light is collected with the same mirror and reflected to the IR 

Figure 1-4 Conventional s-SNOM arrangement employing a metallic AFM tip oscillation at 
frequency Ω, a CO2 excitation laser, infrared detector, and a Michelson interferometer for 
pseudo-heterodyne detection.    



24 
 

detector. A movable mirror is used to induce a sinusoidal phase modulation in the reference arm. 

The movable mirror is vibrated at frequency Δ. In the absence of a reference beam, the detector 

captures only exact multiples of the tip frequency, or nΩ. In this case, the background and near 

field signals are impossible to separate. When Δ > Ω, the harmonics of scattered field are split into 

sidebands with frequencies 𝑓9,= = 𝑛Ω +𝑚𝛥.46, 47 The background components are still contained 

in the frequencies 𝑓9,=7/ = 𝑛𝛺, however, not in the sideband frequencies 𝑓9,=Q/. By 

demodulating the detected optical signal at the sideband frequency can suppress the background 

scattering signal and single out the optical signal that is generated from the confined volume 

between the tip and the sample, therefore, extracting the optical properties on nanoscale. The 

sideband with 𝑚 = 2 is typically chosen to be demodulated since the amplitude of the scattered 

field decreases with increasing m.  
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Chapter 2: Solid-phase epitaxial growth of the strongly correlated transition metal oxide 

SrVO3 

2.1 Introduction 

Transparent conducting oxide (TCO) thin-films exhibit simultaneously high transparency to 

visible light and low electrical resistivity – a combination of physical properties that is important 

in both fundamental science and technology. Transparent conducting oxides are scientifically 

compelling materials because they exhibit metal-like conductivity in chemical and structural states 

commonly associated with electrically insulating oxides. The perovskite oxides AVO3 (A = Sr, 

Ca) are particularly interesting.  Research in the AVO3 compounds has included investigations of 

their use as electrode layers and as sacrificial layers to release membranes from their substrates.1, 

2 A common feature of these membrane-assisted release applications is that the thin film 

heterostructures require epitaxial registry at each interface. 

From a technological perspective, TCO layers are crucial components in a broad range of 

devices for display, sensor, and photovoltaic applications.  These applications rely on separate 

control of optical and electronic properties.3-5 The applications have varying requirements for 

electrical resistivity but share a need for high optical transparency within the visible spectrum. 
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Additionally, the TCO layers must be able to be synthesized at a scale that matches the technology 

while preserving the relevant structure and physical properties.  

Scalable synthesis is an important barrier to the technology transfer of new TCO materials like 

SrVO3. Up to now, vapor-phase thin film epitaxy techniques such as hybrid molecular beam 

epitaxy (hMBE) and pulsed laser deposition (PLD) have been the only synthesis routes for highly 

conductive and transparent layers of SrVO3.6, 7 Narrow processing conditions have been 

discovered and refined for these vapor-phase techniques, resulting in high transparent conductor 

figure-of-merit SrVO3 becoming readily available on the centimeter-squared length scale.8, 9 

Epitaxial growth of SrVO3 with hMBE requires a metal-organic precursor, vanadium 

oxytriisopropoxide (VTIP), and precisely controlled oxygen partial pressure to reach optimum 

growth conditions for lattice matched, high residual-resistivity-ratio films.8 Epitaxial growth of 

SrVO3 by PLD relies on the vaper-phase transfer of a stoichiometric target following Kr eximer 

laser ablation in, again, precisely controlled oxygen environments. 6, 10 For both PLD and hMBE, 

the maximum accessible film surface area is limited by the surface diffusion lengths of the 

adatoms, typically much shortly than terrace length of singly terminated substrates.11, 12 This is a 

critical limitation that arises from the crystal growth occurring simultaneously with the deposition.  
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The synthesis of SrVO3 by solid-phase epitaxy involves a two-step process, beginning with the 

room temperature deposition of an amorphous precursor film. The amorphous precursor is 

subsequently heated to a temperature and in a gas environment in which the thermodynamics and 

kinetics are favorable for the targeted structural phase. This process is schematically illustrated in 

Figure 2-1, which shows the nominally stoichiometric amorphous precursor deposited on a SrTiO3 

(001) substrate in (a) and the crystallized SrVO3 film in (b) that forms following heat treatment. 

The separation of the deposition and crystallization steps in SPE expands the range of possible 

substrates and epitaxial seeding strategies by removing the thermodynamic and kinetic constraints 

imposed by in situ crystallization in techniques like PLD and hMBE. This has important 

implication for crystal growth in large areas, non-planar geometries, and on substrates which do 

not provide lattice matching.  

Figure 2-1 Schematics showing (a) amorphous Sr-Ti-O deposited over SrTiO3 (001) 
and (b) epitaxially crystallized SrVO3 formed from the amorphous precursor in (a).  
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2.2 Phase selection for multivalent transition metal oxides 

The formation of specific crystalline phases of transition metal oxides – particularly those with 

multivalent cations – is a challenge shared by all techniques for thin film synthesis. The origin of 

this challenge is in the intimate relationship between the ionic valence and thermodynamically 

favored phase, illustrated with the set of schematic crystal structures in Figure 2-2. Here, the two 

strontium vanadates have an identical metal-ion stoichiometry, but the addition of one oxygen into 

the formula unit results in a distinct crystal structure. 

Oxides of multivalent transition metals can form with multiple ionic ratios. In the growth of 

stoichiometric oxide phases, the ionic ratio corresponds to charge neutrality in the unit cell. The 

thermochemical similarity of these phases complicates synthesis because the processing conditions 

in which a specific phase is favored are narrow. Relative phase stability at specific thermodynamic 

parameters (i.e., temperature, PO2) can be predicted using calculations of the energy above the 

convex hull, or Hstab. In the convex hull analysis of the cubic SrVO3 phase, the formation enthalpies 

Figure 2-2 Crystal structures for (a) cubic SrVO3 and (b) triclinic Sr2V2O7.    
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of all compositionally similar compounds within a particular phase space are compared to the total 

energy of SrVO3, or E(SrVO3), which is found using density functional theory (DFT).13, 14 These 

calculations were performed by Ryan Jacobs.   

The stability of SrVO3 is represented by the energy above the convex hull energy, or 𝐻<, and 

is given by 

𝐻5IRS
T"UV& = 𝐻<

T"UV& − 𝐻<     (3.1) 

where 

𝐻<
T"UV& = 𝐸(𝑆𝑟𝑉𝑂G) − ∑ 𝑐)𝜇).     (3.2) 

Figure 2-3 Energies above the convex hull for cubic SrVO3. 
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Here, ∑𝑐)𝜇) represents the chemical potentials of all competing phases, including Sr2V2O7, 

Sr3V2O8, SrO, VO2, Sr, V and O. 

 A plot of  𝐻<
T"UV& as a function of temperature and oxygen partial pressure is shown in 

Figure 2-3. It is clear from Figure 2-3 that the cubic phase SrVO3 is not thermodynamically stable 

(i.e., 𝐻<
T"UV& = 0) at any experimentally reasonable values of the temperature and PO2. However, 

local minima in the energy above the convex hull indicate where metastable cubic SrVO3 might 

have long-term kinetic stability, for instance, at oxygen partial pressures below 10-10 Torr and 

temperatures between 725 °C and 1200 °C. Furthermore, the positive distances to the hull suggest 

that forming the cubic SrVO3 phase will depend on suppressing the formation of the competing 

phases. 

2.3 Preparation of cubic SrVO3 by solid-phase epitaxy  

The preparation of SrVO3 thin films by SPE for this study involved three primary steps, 

including substrate surface preparation, amorphous precursor deposition, and film crystallization. 

Preparation of the substrate surface was necessary to remove any potential surface contamination, 

create a uniform chemical termination, and to prepare a unform step-edge morphology of the TiO2-

terminated substrate surface.15 These three aspects of substrate preparation were accomplished by 

heating to 1000 °C for 1 h, cleaning at room temperature for 30 minutes in de-ionized water, and 

heating again to 1000 °C. Substrates prepared in this manner were stored in a desiccator for up to 

one week prior to deposition. A final substrate preparation step was taken after mounting the 

substrates in the vacuum deposition chamber to remove any adventitious carbon or water by 

heating the substrate to 300 °C in a high vacuum environment. Prior to deposition, the substrate 

was allowed to cool to room temperature over the course of no less than three hours.  
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Amorphous Sr-V-O layers were deposited in a vacuum system with a base pressure of 10-7 

Torr. Following the initial evacuation of the deposition environment, the chamber was backfilled 

with ultrahigh purity argon gas or a mixture of 95% Ar + 5% H2. Both gas atmospheres resulted 

in the same amorphous film composition and stoichiometry. Process pressures between 7.5 and 30 

mTorr were used throughout the study.  

Radiofrequency sputtering was used to transfer Sr, V and O from a nominally stoichiometric 

sintered target. The target had a diameter of 2 inches and was prepared by AJA, Inc. from a blend 

of VO2 and SrO powders with 99.9% purity. The RF power was 30 W with an impedance matching 

network between the sputtering gun and power supply used to minimize the reflected RF power.    

Crystallization of the amorphous precursor films was performed after the deposition using two 

different methods. The first method entailed transfer of the sample from the deposition chamber 

to a separate vacuum furnace. The vacuum furnace was pumped to give a value vacuum before 

allowing a 95% Ar + 5% H2 mixture to flow through the furnace at 1 atm. At this point, the furnace 

was heated to 750 °C.  

The second method for crystallizing amorphous Sr-V-O layers used the same chamber as the 

deposition. By this method, the vacuum chamber is not opened between the deposition and 

crystallization stages of synthesis. After the depositions, the flow rate of the 95% Ar + 5% H2 

mixture was increased until the pressure in the chamber reached 1 Torr. A cylindrical ceramic 

sample stage with an embedded resistive heater was used to heat the sample. The temperature of 

the sample was ramped to 750 °C at an approximate rate of 1 °C per minute. A calibrated infrared 

thermometer was used to determine the temperature of the sample. Samples were kept at 750 °C 

for 2 hours. Samples were cooled to room temperature over several hours in the same gas 

atmosphere as used during heating. 
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2.4 Structural and chemical aspects of amorphous Sr-V-O precursors 

The chemical composition and vanadium valence of the amorphous and crystalline strontium 

vanadate layers were determined using x-ray photoelectron spectroscopy (XPS). Aluminum Ka x-

rays were used to excite core-level electrons from the surface of the films. The core-level emission 

from V, Sr, O, and C was analyzed from the surface of the film and from the film interior following 

Ar+ sputtering. Figure 2-4 shows the spectra for (a) V 2p and O 1s, (b) Sr 3d and (c) C 1s 

transitions. Minimal core-level shifts are observed for Sr, V and O after Ar+ sputtering, indicating 

that the chemical states at the surface and inside the film remained unaltered by the sputtering 

process. A complete disappearance of the C 1s emission is observed in Figure 2-4(c) after sputter 

etching, indicating the removal of adventitious carbon and the lack of C from within the film. 

The structure of the amorphous Sr-V-O films was measured using both grazing incidence x-

ray scattering and x-ray reflectivity measurements with a copper Ka source. Figure 2-5(a) shows 

an azimuthal integration of the scattering intensity from a grazing incidence measurement of 

amorphous Sr-V-O. The broad peak in this profile is centered at 2θ = 28.87°, corresponding to 

wavevector Qpeak = 2.03 Å-1. The position of this peak alone cannot be used to precisely determine 

bond lengths in the amorphous film. Solving the structure of amorphous thin-films would typically 

Figure 2-4 Core-level emission tests from amorphous Sr-V-O precursor film showing (a) V 2p 
and O 1s, (b) Sr 3d and (c) C 1s emission before (orange) and after (blue) a 30 s etch by 
Ar+ sputtering.  
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be done with pair distribution function analysis of scattering patterns containing from large Q-

range and containing many more peaks.16  However, the central angle of the peak in Figure 2-5 (a) 

can be used to deduce the order of magnitude of the most common bond lengths in the film. The 

average of these interatomic distances is given by  2π/Qpeak = 3.1 Å.17 The broad peak visible in 

Figure 2-5 (a) was the only detectable scattering feature, suggesting that this scattering arises from 

the most common interatomic spacings in the amorphous film. Because of the nominal 1:1:3 

stoichiometry, the most common nearest neighbors would be Sr-O or V-O pairs. 

 The interface roughness, electron density, and thickness of the as-deposited amorphous Sr-

V-O films were probed using x-ray reflectivity, shown in Figure 2-5 (b). The values of these 

properties were found by fitting the reflectivity profile with a simulated reflectivity curve using 

the GenX refinement software.18 The specular reflectivity of the particular film in Figure 2-5 (b) 

is accurately fit by a simulation of a layer structure having a thickness of 60 nm, a density of 4.33 

g cm-3, and a surface root-mean-square roughness of 0.54 nm. The values of density and roughness 

Figure 2-5 (a) Integrated intensity from a two-dimensional scattering profile collected in a grazing 
incidence x-ray scattering measurement of amorphous Sr-V-O. (b) X-ray reflectivity curve 
measured for the amorphous Sr-V-O film. 
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determined from the simulated reflectivity in Figure 2-5 (b) were consistent across the range of 

deposition conditions explored in this work.  

2.5 Crystallization of amorphous Sr-V-O into SrVO3 

The crystallization of amorphous Sr-V-O was induced by heating in a reducing environment. 

We can first consider amorphous films crystallized in ambient gas environment, which 

corresponds to the condition in which the furnace was open to the atmosphere. Crystallized films 

produced this way invariably form the oxygen-rich strontium vanadate phase Sr2V2O7. X-ray 

diffraction measurements along the out-of-plane direction of reciprocal space were used to 

examine the phase of the crystallized films. The plot in Figure 2-6 shows the diffraction profile 

measured from a sample that was crystallized at 450 °C for 3 hours in an ambient atmosphere. The 

Sr2V2O7 (004) polycrystalline reflection is seen at 2θ = 28° in Figure 2-6, consistent with reported 

diffraction data.19 No reflections appear where the epitaxial SrVO3 reflections are expected. 

Figure 2-6 Diffraction profile indicating the formation of 
the triclinic strontium vanadate phase crystallization on 
SrTiO3 (001). 
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As described above, a low PO2 environment, can be maintained either by crystallizing in an 

ultra-high vacuum environment or by flowing a mixture of 5% H2 and 95% Ar gas. Amorphous 

Sr-V-O layers that are crystallized under these conditions form into the cubic SrVO3 phase. The 

epitaxial orientation and lack of competing phases are both evident in the diffraction profiles 

measured along the out-of-plane reciprocal space direction of a 60-nm-thick SrVO3 film, shown 

in Figure 2-7. Only the 00L reflections are visible in the long-range θ-2θ scan in Figure 2-7(a). 

The angles of the SrVO3 (SVO) reflections were used to determine the out-of-plane lattice 

parameter of the film. The SrVO3 (002) reflection is centered at QZ = 3.286 Å-1, which corresponds 

to an out-of-plane lattice parameter of 3.824 Å. Compared the lattice parameter of bulk SrVO3, 

aSrVO3 = 3.842 Å, the 60 nm film is in a compressive strain state of 0.5% along the out-of-plane 

direction. The out-of-plane lattice parameter for a coherently strained SrVO3 film would be 3.793 

Å, given by 𝑎T"UVG =	
#W789:&
1'W789:&

(𝑎T"X)VG − 𝑎T"UVG),	where aSrTiO3=3.905 Å is the lattice parameter 

of SrTiO3 and 𝜈T"UVG=0.28 is the reported Poisson ratio of SrVO3 thin films.7   

Figure 2-7 (a) θ-2θ diffraction pattern showing 00L x-ray reflections for a crystallized epitaxial 
SrVO3 film and the SrTiO3 substrate, acquired at x-ray wavelength 1.5406 Å. (b) Diffraction 
profile near the 002 reflections. 
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Heteroepitaxial growth of coherently strained) films on thick substrates with mismatched 

lattice parameters (i.e. asub ≠ afilm) results in tetragonal distortion to the film unit cell.20 The lattice 

mismatch is characterized by a misfit parameter, defined as  

𝑓= = R;'<='R2>?
R2>?

. 

Equation 2.1 

For small values of fm and low thicknesses, the misfit results in a homogeneous strain that 

accompanies the tetragonal distortion. The stored elastic energy associated with the misfit strain is  

𝐸5 = 𝐵ℎ𝑓=# 

Equation 2.2 

where h is the film thickness and B is an elastic constant relating the Poisson ratio and shear 

modulus by  

𝐵 = 2𝜇
1 + 𝜈
1 − 𝜈. 

Equation 2.3 

Beyond a critical thickness, hc, the stored elastic energy begins to be relieved through the 

formation of dislocations. A signature of stain relief through dislocation formation is a relaxed in-

plane lattice parameter. Reciprocal space maps (RSM) around Bragg reflections with an in-plane 

component can be used to determine the in-plane lattice parameter and reveal information about 

the strain state of the film. Figure 2-8 shows the SrVO3 113 RSM, which reveals that the 113 
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reflection is centered at Qz = 5.432 Å-1 and Qxy = 2.303 Å-1. The corresponding in-plane lattice 

parameter for 60-nm-thick SrVO3 is 3.894 Å.  

The unit cell tetragonality is consistent with the film being partially relaxed. The partial 

relaxation indicates that 60 nm is beyond the critical thickness at which SrVO3 remains coherently 

strained by the SrTiO3 substrate. 

The relaxation of the in-plane lattice constant in the 60 nm SrVO3 film is consistent with the 

formation of dislocations. Further evidence of strain relaxation from dislocation formation is found 

in x-ray rocking curve widths. Extended dislocations may cause a broadening of the x-ray rocking 

curve by inducing lattice rotation and strain fields surrounding the dislocation core.21 Figure 2-9 

shows x-ray rocking curves measured from 16- and 60-nm-thick films of SrVO3. The rocking 

curve full-width-half-maximum (FWHM) for the 16-nm-thick layer of SrVO3 is 0.03°, while the 

60-nm-thick film has a rocking curve FWHM of 0.42°. The rocking curve width of the 16-nm-

Figure 2-8 Reciprocal space map in the region of the 
SrTiO3 and SrVO3 113 x-ray reflections. Qz and Qxy 

represent the components of the x-ray wave vector along 
the surface normal and [110] in-plane directions, 
respectively. 
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thick SrVO3 matches the width of the substrate rocking curve width, indicating that 16 nm is below 

the critical thickness for coherently strained SrVO3 on SrTiO3.  The broad width of the 60-nm-

thick SrVO3 rocking curve is consistent with a comparatively higher density of mismatch 

dislocations, consistent with the relaxation in the in-plane lattice parameter.   

A transformation from short-range to long-range order in nearest neighbor geometry is 

required for crystallization of amorphous Sr-V-O. The atomic coordination and chemical bonding 

environments required for the growth of cubic SrVO3 depend on having the correct Sr, V, and O 

concentrations in the amorphous precursor. Slight deviations from ideal stoichiometry can result 

in the formation of a completely different crystal structure or a mixture of polymorphic phases. 

For compounds with identical cation composition but slightly different oxygen concentrations, for 

example, the cubic and triclinic phases of strontium vanadate, the crystallization kinetics will 

depend sensitively on the oxygen concentration at the interface and the energy of the interface 

being propagated. In this work, a cubic SrTiO3 substrate provided a lattice-matched surface for the 

cubic phase of strontium vanadate to nucleate and grow from. Additionally, a low PO2 

crystallization environment reduced the oxygen activity in the amorphous layer during 

crystallization.  

Figure 2-9 X-ray rocking curves for SrVO3 films with 
thicknesses of 16 nm (orange) and 60 nm (blue).  
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The oxidation state of multivalent cations in TMOs can be used to test the chemical bonding 

environment in thin films. X-ray photoelectron spectroscopy studies of the vanadium valence in 

the amorphous and crystallized SrVO3 films confirm that the low PO2 crystallization environment 

modifies the oxygen concentration in the film during crystallization. Figure 2-10 shows the V 2p3/2 

and 2p1/2 transitions measured for the amorphous and crystallized films, after 2 minutes of etching 

with Ar+ ions to remove any surface species and reveal the chemical environment of the film 

interior. The V 2p transitions appear with a dominant contribution from V5+ in the amorphous layer 

showing as peaks in 2p1/2 and 2p3/2 transitions at 523.3 eV and 517.0 eV, respectively. Following 

crystallization in a low PO2 environment, the same V 2p transitions are shifted to 523.6 eV and 

515.4 eV, respectively, consistent with the V4+ state.  

The XPS results indicate multiple oxidation states of vanadium exist in the probed region.  The 

core level shift could also arise from many-body screening effects in metallic SrVO3.22 However, 

the V 2p transitions in the amorphous film, which does not exhibit metal-like behavior, clearly 

Figure 2-10 XPS core level spectra for V 2p and O 1s in the 
amorphous precursor film (red) and a crystallized SrVO3 film 
(blue). The spectrum for the crystallized layer is shifted 
vertically by 0.1. 
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have contributions from multiple vanadium valences. The broad V 2p peaks in the amorphous XPS 

spectra suggest that there is a combination of V5+ and V4+ in the amorphous Sr-V-O films. The 

shift of the peak center and decrease in width of the V 2p transitions measured for the crystallized 

film suggest that the V5+ contribution has been reduced – though not eliminated – following the 

thermal annealing in a reducing environment.  

2.6 Electronic and optical properties of SrVO3 grown by SPE  

Two of the important physical properties of transparent conducting oxides such as SrVO3 are 

the electrical resistivity and optical transmissivity to visible wavelengths of light. The electrical 

transport properties of amorphous and crystalline SrVO3 thin-films were measured using 

temperature-dependent resistivity measurements using a Physical Properties Measurement System 

(PPMS) with the electrical contacts in the van der Pauw configuration.23 The resistivity of the 

amorphous Sr-V-O films was not measurable because it was beyond the dynamic range of the 

PPMS instrument. Figure 2-11 shows the temperature dependence of the resistivity of crystalline 

SrVO3 films with thicknesses of 16 nm and 60 nm. The resistivity of the 16 nm film ranges from 

2.7 × 10-5 Ω cm at 5 K to 5.2 × 10-5 Ω cm at room temperature. For the 60 nm film, the resistivity 

Figure 2-11 Temperature-dependent electrical resistivities of crystallized 
16 nm (open circles) and 60 nm (open squares) SrVO3 films. 
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at 5 K and room temperature is 6.6 × 10-6 Ω cm and 2.5 × 10-5 Ω cm, respectively. The room-

temperature resistivities of SPE-grown SrVO3 are comparable to the films grown by hMBE and 

PLD.8, 9  

 The mobility of charge carriers in conductors is influenced by scattering from lattice 

imperfections (e.g., point and line defects) as well as lattice vibrations. These scattering processes, 

according to Matthiessen’s Rule, are combined such that  

1
𝜇 =

1
𝜇>J<J!I

+
1

𝜇Y34949
 

Equation 2.4 

where  𝜇>J<J!I and 𝜇Y34949 are, respectively, the effective charge mobility when scattering from 

defects and acoustic phonons are considered individually.24 Electron scattering from defects in the 

lattice is independent of temperature and depends only on the type and concentration of defects. 

The mean-square ionic displacement, < u2 >, however, is directly proportional to temperature. The 

dominant scattering mechanism at room-temperature is, thus, electron-phonon interactions. The 

comparatively low resistivity values in our films suggests that SPE produces phase-pure layers of 

epitaxial SrVO3. 

The defect density in conductive thin-films is often represented in terms of the residual 

resistivity ratio, RRR. The RRR is typically defined as  

𝑅𝑅𝑅 = 8&--@
8A@

. 8 

Equation 2.5 

For the films with thicknesses of 16 and 60 nm, the RRR values are 2.0 and 3.9, respectively. 

Compared to SrVO3 films grown by hMBE, the RRR values for SPE-grown SrVO3 films are 
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significantly lower.8 Epitaxial layers of SrVO3 synthesized by Brahlek et al. have RRR values that 

are greater than 200. The room-temperature resistivity values are comparable for SrVO3 grown by 

SPE and hMBE, however, the low temperature resistivity for hMBE-grown SrVO3 is two orders 

of magnitude lower than films grown by SPE.  This is consistent with hMBE forming SrVO3 with 

significantly lower defect densities in comparison with SPE-grown films. This suggests that the 

solid-phase crystallization process is not the optimum process for producing low-defect-density 

films. However, the room temperature transport properties are of greater concern because most 

practical TCO applications operate near room temperature. 

The optical transparency for visible light was determined in the amorphous Sr-V-O and 16-

nm- and 60-nm-thick crystalline layers of SrVO3 by measuring the optical transmission with an 

ultraviolet-visible light spectrometer. Figure 2-12 shows the transmission in (a) and absorption 

coefficient in (b) as a function of optical wavelength. The maximum transmission in crystalline 

SrVO3 at 550 nm is 0.89 and 0.52 for the 16- and 60-nm-thick films, respectively. We can make a 

few simplifying assumptions to allow us to make an estimate of the optical properties of the SrVO3 

layer. We assume (i) the reflectance at the SrVO3/SrTiO3 interface is zero, (ii) the reflectance of 

Figure 2-12 Optical absorption coefficient spectra for amorphous and crystallized SrVO3 films 
calculated from the transmission spectra in (b) under assumptions described in the text. 
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the SrVO3 and SrTiO3 surfaces is identical and (iii) that the difference in the thermal history of the 

SrTiO3 substrates did not result in a change in their optical properties.  With those assumptions, 

the optical absorption coefficient is: 

𝛼 = −
ln	(𝑇4YI)

𝑑  

Equation 2.6 

where 𝑇4YI is the optical transmittance of SrVO3 measured at 550 nm and 𝑑 is the thickness of the 

SrVO3 layer. At an optical wavelength of 550 nm, the absorption coefficient for SPE-grown SrVO3 

is 1.09 × 105  cm-1.  

 The figure-of-merit (FOM) for transparent conductors, ΦTC, is given by  

ΦZ[ =
XB61
,-

D2
. 25 

Equation 2.7 

Figure 2-13 Transparent conductor figures of merit for 16 and 60 nm-thick SrVO3 synthesized 
by SPE (this work), and reported figures of merit for SrVO3 films grown by hMBE shown by 
the diamonds7, PLD shown by the upward9, forward26, and downward27 pointing triangles, 
and sputtering28, indicated by circles.  
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Here, 𝑇4YI1/  is the optical transmission to 550 nm light and 𝑅5 is the room temperature sheet 

resistance. The power of 10 in 𝑇4YI ensures that the FOM is determined at 90% optical 

transmission.25 Using the results of the optical and electronic characterization for the 16- and 60-

nm-thick films of SrVO3 synthesized by SPE, the thickness dependence of ΦZ[ is plotted in Figure 

2-13. The thickness dependence in ΦZ[ for SrVO3 reveals that the films grown by solid-phase 

crystallization have FOM values that are comparable with low-defect-density films of SrVO3 

grown by hMBE and PLD.8, 9, 26-28 

2.7 Conclusion and Outlook 

The cubic phase of strontium vanadate has a set of optical and electronic properties that make 

it an important candidate material for applications in science and technology that require 

transparent conducting layers. Until now, the state-of-the-art thin-film synthesis for SrVO3 were 

vapor-phase epitaxial methods (e.g., hMBE, PLD) that require stringent processing conditions that 

complicate large-area integration by requiring mm2-scale single crystal substrates to set the 

crystalline phase and orientation and UHV growth environments or other methods of precisely 

controlling the oxygen partial pressure. This work has demonstrated that SrVO3 thin-films with 

comparably high transparent conductor FOM values can be synthesized using solid-phase epitaxy. 

The deposition and crystallization stages of synthesis are separate, enabling in-plane growth modes 

that are not limited by surface diffusion, as is the case with direct epitaxy.  

Large-area integration of TCO layers including SrVO3 on substrates that are amorphous or 

otherwise non-templating is a key step toward realizing the potential of TCO materials for 

applications in photovoltaic and display technologies. Solid-phase crystallization of amorphous 

Sr-V-O precursor layers deposited by RF magnetron sputtering at room temperature is one possible 

route to overcome the large-area integration challenges. Separation of the deposition and 
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crystallization steps presents the possibility to crystallize over non-templating surfaces via lateral 

crystallization from nanoscale seeds. I have shown in this chapter that amorphous layers of Sr-V-

O can be grown by RF sputtering – a deposition technique that has already been scaled for large-

area commercial applications, for example, in the coating of m2-scale windows and flat-panel 

displays with indium-doped tin oxide.29 Without a templating substrate to seed the crystal growth, 

different strategies for overcoming the nucleation barrier for crystal growth from amorphous 

precursor are needed. 

Phase selection during the synthesis of multivalent transition metal complex oxides becomes 

a significant challenge when a single crystal substrate is not available to provide a template for the 

overlayer. This challenge could be circumvented with the use of nanoscale seed crystals or 

membranes that are distributed along a non-templating substrate. Advancements in both strategies 

have been recently reported.6, 30 Boileau et al. report in Ref. [6] the direct crystallization of oriented 

SrVO3 layers deposited by PLD over an ultrathin membrane of SrVO3 that had previously been 

transferred to the glass substrate.6 This strategy relies on complete coverage of the glassy substrate 

with the membrane to select the cubic SrVO3 phase during crystal growth.  

Chen et al. have developed a separate technique in Ref. [30] for the epitaxial growth of 

complex oxides on non-templating SiO2/Si surfaces.30 There, a distribution of nanoscale seed 

crystals provide an orientation template for the crystallization of an amorphous overlayer deposited 

over the seeds. In thin epitaxial films grown from nanoscale seed crystals, the important growth 

mode is the lateral crystallization of an amorphous overlayer. In lateral solid-phase crystallization, 

the crystal-amorphous interface proceeds along in-plane directions in the film. The bulk and 

interface stress states that form because of the vertical crystal-amorphous interface and the volume 
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contraction during crystallization are significant, leading to plastic deformation and lattice rotation 

in the crystallizing overlayer. These effects are discussed in detail in Chapter 4 of this thesis.   

An additional challenge in the large-area integration of SrVO3 and other TCO layers on non-

templating substrates is that the temperature required to form the transparent conducting cubic 

phase is incompatible with heterostructures incorporating organic layers. The relatively high 

crystallization temperature of 700 °C limits the range of materials on which TCO layers can be 

crystallized by lateral solid-phase crystallization. The energy cost associated with heating samples 

to the temperatures at which the cubic phase of SrVO3 is favored is also higher than required for 

current technologies integrating TCO layers. Reducing the overall thermal budget for SrVO3 

crystallization is, thus, an opportunity for future study. One possibility that is evident from the 

convex hull analysis presented in Figure 2-3 is further reducing the oxygen activity in the 

crystallization atmosphere. Burying the amorphous Sr-V-O layer with an oxygen diffusion barrier 

may reduce the oxygen exchange across the free surface of the amorphous layer, allowing 

temperatures as low as 500 °C to be sufficient to form the cubic phase.  
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Chapter 3: Instrument for in situ hard x-ray characterization during solid-phase 

crystallization and other materials transformations 

3.1 Introduction 

*Parts of this chapter were taken verbatim from Marks et al. Review of Scientific Instruments 

(2021).1 

In this Chapter, I discuss the design and development of novel instrumentation that combines 

an environment for materials synthesis with a broad range of capabilities related to synchrotron x-

ray characterization. This instrumentation fills a niche in the field of in situ characterization for 

crystal growth and materials transformations with a unique chamber design that facilitates short-

working-distance x-ray optical elements for producing sub-micrometer beam widths. The same 

design elements that enable the use of synchrotron x-ray microprobe allow for broad volumes of 

reciprocal space to be accessible in scattering experiments, in addition to multiple simultaneous 

detectors for multimodal experiments.  

Mechanisms for crystal growth, phase transitions and other materials transformation involve 

kinetic processes that occur with rates that depend strongly on temperature, stress, gas 

environment, and other variables. In materials systems ranging from semiconductors to complex 

oxides, these processes result in the development of structural features with nanoscale to sub-μm 

dimensions, including dislocations associated with plastic relaxation and the formation of quantum 

dots and other surface nanostructures.2-4 

The ionic valence and phase in epitaxial metal oxides similarly depend on the composition of 

the gas environment during growth and crystallization.5, 6 The development of microstructural and 

chemical features can be probed with focused hard x-ray beams using scanning diffraction 
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microscopy, ptychography, and coherent diffraction imaging.7-9 Focused synchrotron x-ray probes 

can be used to study of the distribution of dislocations, the formation of competing polymorphs, 

phase separation, and local elastic distortions, as seen, for example, in relaxed thin-film layers.10 

In situ x-ray scattering provides insight with time resolution that matches the characteristic 

timescales of the relevant transformation processes, but has so far been largely limited to studies 

of structural parameters over large areas beyond micro-scale.11-16 Instruments that combine 

focused synchrotron x-ray probes with thin film growth environments have the potential to provide 

significant insight into epitaxial crystallization processes and other structural transformations. 

This chapter presents the development of instrumentation that addresses challenges associated 

with the crystallization of complex oxides via SPE and related processes yielding three-

dimensional heterostructures with nanoscale dimensions. Instruments employing in situ 

synchrotron x-ray radiation to study epitaxial crystallization have been largely designed to 

characterize thin film epitaxy using x-ray diffraction, grazing-incidence small angle scattering, x-

ray reflectivity, and coherent x-ray scattering.17-20 For example, in situ instruments have been 

employed in the epitaxial growth of oxides in which x-ray reflectivity, grazing-incidence diffuse 

x-ray scattering, and crystal truncation rod analysis to be used to investigate the growth 

morphology of planar complex oxide thin films.21-26 These instruments, however, have not been 

designed for integration with short-working-distance x-ray optics for nanobeam diffraction or 

imaging experiments and thus provide structural information sampling micron-scale or larger 

regions of planar thin films. 

3.2 Design of Instrument 

The combination of synchrotron x-ray microscopes with in situ deposition and heat treatment 

capabilities imposes tight restrictions in the mechanical design of the instrument. The sample 
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environment needs to be isolated from x-ray detectors without restricting the volume of reciprocal 

space available for a broad scope of scattering experiments. Optical elements used to produce 

focused x-ray beams such as Fresnel zone plate focusing optics, for example, require short working 

distances on the order of 10 cm for the zone plate and of a few cm for the order sorting aperture 

that selects the primary focused beam.27, 28 The x-ray-transparent windows that allow the beam to 

transit the chamber have been designed to be sufficiently close to the sample to allow the short-

working-distance Fresnel optics to be kept in air. On the downstream side, the same window design 

imposes a minimal restriction on the scattered and diffracted beams.  

The mechanical stability of the instrument is another critical design aspect. A low level of 

sample vibration was achieved using a mechanically rigid sample stage and platform for the input 

optics. Sample and probe vibration can introduce significant error in x-ray microscopy and 

coherent x-ray scattering experiments in which stable probe-sample interaction volumes are 

crucial. 

The design of the vacuum chamber and x-ray focusing optics enables a broad range of in 

situ synchrotron x-ray diffraction and scattering techniques, including x-ray diffraction 

microscopy, coherent diffraction imaging, truncation rod analysis, x-ray reflectivity, and x-ray 

photon correlation spectroscopy. The studies presented below were conducted at station 12-ID-D 

at the Advance Photon Source where synchrotron radiation is provided from an undulator source 

with a gap that can be tuned to provide photon energies from 4.5 to 40 keV. The photon flux in an 

unfocused 1 ´ 1 mm2 beam at station 12-ID-D is 1013 photons s-1 at 10 keV. A linear compound 

refractive lens can focus the beam vertically to 4 μm for experiments probing large areas.29 The 

energy resolution provided by the Si (111) monochromator is ΔE/E = 1.31 ´ 10-4. The x-ray 

sources at the Coherent High Energy X-ray (CHEX) sector after the APS upgrade will have a 
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brightness and coherent flux more than three order of magnitude higher than the current source. 

The beam emittance will also be significantly lower, resulting in a narrower horizontal beam. 

These characteristics will significantly improve data acquisition rates for coherent x-ray scattering 

experiments and probe focusing for diffraction microscopy experiments. 

3.2.1 Mechanical design and configuration 

The overall design of the instrument consists of two modules: a deposition system mounted 

on a diffractometer and separate set of input x-ray optics in air on a breadboard, as shown in Figure 

3-1. The systems are incorporated as modules of the versatile hexapod-based diffractometer at the 

APS station 12-ID-D.23 A modular design enables rapid changeover between experiments by 

minimizing the reconfiguration of the beamline before and after experiments. The deposition 

system and x-ray focusing optics modules are built on separate carts that are integrated with a 

spectrometer during experiments.  Following the upgrade of the APS to a fourth-generation 

synchrotron, this instrument will be used at the CHEX sector for in situ science, where it will be 

integrated with the same spectrometer currently used at station 12-ID-D.  

Figure 3-1 In situ epitaxial crystallization instrument with integrated x-ray 
focusing optics and deposition modules.  
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An overview schematic of the deposition system is shown in Figure 3-2. The deposition 

system is connected to the final rotation axis of the spectrometer (phi) through a differentially 

pumped rotary seal (RNN-400, Thermionics Laboratory, Inc.), component 7 in Figure 3-2. This 

rotation stage can rotate the entire deposition system including the sample. The top flange of the 

rotary seal is incorporated in the deposition system.  

The chamber mounted to the spectrometer is shown in Figure 3-3. The sample and chamber 

motion can be decoupled by locking the chamber to the stationary top plate of the hexapod 

goniometer, visible in the photograph in Figure 3-3 (a). In this mode, only the sample stage rotates 

with the phi stage. The hexapod goniometer provides other sample tilts and translation that can be 

used for course alignment of the sample position. The controller electronics for the deposition 

Figure 3-2 Components of the deposition system: (1) recessed Be windows, (2) ports 
for mounting RF magnetron sputter deposition sources, with sources shown on 2A and 
2B and a viewport for alignment and sample exchange on 2C, (3) port for thermal 
evaporation sources, (4) TMP, (5) thermocouple, gas, and power feedthroughs, (6) 
vacuum gauge, (7) differentially pumped rotary seal, (8) sample post, (9) mounting 
interface to diffractometer, and (10) sample translation stages.  
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system and the 700 W thermoelectric water chiller (Thermotek 3U, Cole-Parmer Instrument 

Company, LLC) are held on a cart that is adjacent to the diffractometer during experiments. 

The accuracy of sample translations and rotations are paramount in diffraction 

experiments. The sample needs to be kept at the center of rotation to minimize systematic angular 

errors and ensure the beam footprint remains at the same location within the sample during 

measurements requiring rotation. Sample stability and accuracy in positioning is aided with the 

use of a 19 mm outer-diameter stainless-steel cylinder with 2-mm-thick walls to connect the 

sample stage to a three-axis translation stage mounted outside of the vacuum. A thin-wall vacuum 

bellows connects the bottom flange of the sample post to the chamber. The sample post is arranged 

with its long axis along the vertical direction to avoid coupling between vertical vibrational modes. 

The three-axis translation stage rotates with the final axis of rotation, ensuring that the sample 

region of interest can be positioned at the center of rotation of the diffractometer. The angular 

reproducibility of this stage is demonstrated below in reflectivity and diffraction experiments. 

Figure 3-3 (a) Deposition system installed at station 12-ID-D of the APS. 
(b) Perspective of the deposition instrument shown in (a).  
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Other angular degrees of freedom are provided by the hexapod on which the deposition system is 

mounted.23 

3.2.2 Control of deposition system vacuum and gas environment 

Thin films can be deposited using vacuum evaporation or magnetron sputtering from 2-

inch sources. The magneton sputtering sources (Model A320, AJA International, Inc) are 

positioned with a 5 cm working distance from the sample. Radiofrequency power supplies 

operating at 13.56 MHz (0613 GTC, T&C Power Conversion) provide the power to generate 

plasma at each source. The output power to each source can be tuned from 1 to 200 W. Each source 

is water cooled and equipped with an independently controlled electropneumatic shutter. 

The gas environment in the deposition chamber is controlled using an external gas 

manifold. Individual gases and their flow rates are selected with mass flow controllers (MKS, Inc.) 

which are controlled a vacuum controller (Series 946, MKS). The gas pressure in the chamber can 

either be controlled by setting the flow rate with the gas manifold, or using a downstream butterfly 

valve (VAT, Inc., Series 612), mounted between the chamber and vacuum pumps.    

3.2.3 Materials deposition and sample geometry 

Multiple deposition sources and configurations are available with the instrument that 

depend on the specific experimental requirements. Depending on experimental requirements, the 

deposition system can be configured for either vertical or horizontal surface normal geometries. In 

horizontal geometry experiments, the surface normal of the sample and the incident x-ray beam 

define a plane that is horizontal, as shown in Figure 3-4 (a). In the horizontal configuration, the 

sputter guns can be mounted in ports providing on-axis deposition using port 2A or 60° off-axis 
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using port 2B. The horizontal configuration also permits the use of a thermal evaporator at 45° off-

axis using port 3. 

In the vertical geometry, shown in Figure 3-4 (b), the plane defined by the surface normal 

of the sample and the incident x-ray beam is vertical. This configuration positions the sample so 

that the sputtering sources have an approximately 30° off-axis sputtering geometry, using ports 2C 

and 2B in Figure 3-2, or a 90° off-axis geometry using port 2A. 

Figure 3-4 Configuration of the deposition instrument for (a) horizontal and (b) 
vertical sample normal geometries. The directions of the sample surface normal 
and the directions of the incident and specular x-ray beams are shown for each 
geometry. The incident directions of material from sputter deposition sources 
mounted on ports 2A, 2B, and 2C, labeled A, B, and C, respectively, are 
indicated.  
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3.2.4 Sample heating and exchange 

A resistive heater encapsulated in a 12.7 mm diameter cylindrical ceramic block (Heatwave 

Labs, Inc.) acts as the sample stage, as shown in Figure 3-5. Substrates are held to the surface with 

mechanical clips, thermally conductive silver paint, or a combination of both. The 2 Ω heater can 

reach 1000 °C with ramp rates up to 10 °C/s.  

A boron nitride ceramic post provides a thermal barrier between the magnetic mount and 

the sample heater. The temperature of the sample is measured either with a type-K thermocouple 

adjacent to the sample or with an infrared thermometer looking through a glass viewport. The 

temperature of the heater is independently monitored with a second type-K thermocouple in 

contact with the rear face of the heater. An accurate measure of the substrate temperature can be 

obtained by calibrating the thermocouple reading with the temperature determined from the 

substrate lattice parameter. The calibrated thermocouple can then provide precise temperature 

feedback during sample heating.  

Figure 3-5 (a) Schematics of sample stage and heater. Mechanical 
clips (1) secure the sample to the face of the ceramic resistive heater 
(2), attached to a boron nitride post (3). (b) Interior of the deposition 
system during sputter deposition viewed through a vacuum window 
at port 2C.  



65 
 

Samples are exchange through a DN100 flange on the chamber and extracting the sample stage. 

The sample stage incorporates a magnetic kinematic mounting platform that serves as the 

detachment point during sample exchange. Thermocouple and electrical connections to the sample 

heater remain attached during sample exchange. Figure 3-5 shows the interior of the deposition 

chamber during a multilayer thin film deposition experiment, with an active sputter deposition 

source with accompanying plasma and an open shutter mounted to port 2A. This image was taken 

from a viewing window on port 2C of the chamber. The chamber is configured for horizontal x-

ray scattering in this image. To protect the x-ray windows from being coated during depositions, 

a thin layer of aluminum foil covers the vacuum side of the windows. This foil is exchanged 

between experiments to avoid artifacts introduced from x-ray scattering from previous 

experiments. 

3.2.5 Focused x-ray beam characteristics 

The incident x-rays are focused to a sub-micrometer beam size using Fresnel zone plate optics. 

A zone plate with a 400 μm outer diameter and 100 nm outer zone width is positioned 387 mm 

from the sample for focusing 12 keV x-rays. A gold absorber is used as a center stop and is 

positioned approximately 1 cm from of the zone plate to block the unfocused light. An order 

sorting aperture was made from a 100 μm pinhole that is glued to the end of a copper tube (3 mm 

inner diameter) and positioned approximately 5 mm from the beryllium window.  

An efficient alignment procedure for the zone plate optics involves the following steps:  

1. Remove sample stage from beam path  

2. Align the center stop and zone plate to the middle of the direct beam 

3. Align the order sorting aperture  
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4. Iteratively scan the zone plate vertically across a knife-edge while changing the zone 

plate working distance until a minimum beam profile is obtained.    

To aid in the alignment of the x-ray focusing optical elements, a yttrium iron garnet (YAG) 

scintillating crystal is mounted at the height of the beam and 2 m downstream of the sample. An 

objective lens is attached to a CCD camera that is used to record the image on the YAG screen. 

Figure 3-6 Characteristics of the x-ray focusing system. (a) Image collected from 
the YAG screen with the OSA out of the beam. The shadow of the zone plate and 
center stop are visible. Multiple orders of the focused beam show up as concentric 
rings in the image. (b) Image collected from the YAG screen with the OSA aligned 
with the zone plate and center stop. (c) Chromium fluorescence map measured for 
a knife-edge mounted to the sample stage. (d) Integrated chromium fluorescence 
intensity measured along a vertical scan path in the region of (c) indicated by the 
white dashed line. 
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With the sample stage moved out of the beam path, x-rays are transmitted through the chamber 

and excite the YAG crystal, producing an image of the optical elements in the beam path. Error! 

Reference source not found. (a) and (b) show the images formed on the YAG screen from the 

transmitted x-rays. The concentric circles in (a) indicate that the primary (unfocused) and first and 

second order focused beams are visible on the YAG screen. With the order sorting aperture in the 

beam path, all x-rays except for the first order focused beam are blocked, producing the image in 

(b).  

 To determine the width of the focused beam, a chromium knife-edge made from 20 nm of 

chromium deposited on a silicon substrate and cleaved to get an atomically sharp edge is installed 

in the chamber at the center of rotation. The focused beam is scanned vertically across the knife-

edge while the chromium fluorescence is measured with a silicon drift detector. A full chromium 

fluorescence map of the chromium-coated silicon chip measured with a 2 μm x-ray probe is shown 

in Figure 3-6 (c). Once the location of the knife-edge is determined, an iterative procedure 

combining vertical scans across the knife-edge and zone plate translations along the beam 

propagation direction is performed. A profile of the knife-edge is measured with the chromium 

fluorescence captured at each scan point. The FWHM of the edge profile is a convolution of a 

Gaussian beam profile and the true width of the knife-edge. Because the knife-edge was made my 

cleaving the Cr/Si chip along a Si cleavage plane, the actual edge is atomically sharp. Therefore, 

the FWHM of the edge profile measured with Cr fluorescence gives the FWHM of the probe. 

Figure 3-6 (d) shows a probe width of 750 nm when the zone plate focal point is at the knife edge.  
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3.3 Applications in thin-film deposition and crystallization  

3.3.1 In situ reflectivity 

Uniformity in interface structure, layer thickness and crystallinity are vital considerations 

as thin-film materials grow in chemical and geometric complexity. Control over these structural 

properties during synthesis has opened new frontiers of materials research. X-ray reflectivity 

provides the means to monitor the roughness of interfaces, electron densities of layers, and layer 

thicknesses during their formation in the earliest stages of synthesis. Information about surfaces 

by Reflection High Energy Electron Diffraction (RHEED) is routinely collected during synthesis 

in MBE, PLD and other vapor-phase growth methods. Unlike RHEED, which is a surface sensitive 

technique due to the low mean-free-path of electrons in most materials, x-ray reflectivity can probe 

buried layers and interfaces during synthesis while providing a detector for the electron density 

and thickness of the film during deposition. During thin film deposition and crystallization, 

specular x-ray reflectivity is a powerful in situ probe that can reveal insight to layer and interface 

structures as they form and evolve in synthesis. 

X-ray reflectivity with focused synchrotron x-ray probes can provide additional insight to 

in-plane variation in interface roughness, electron density and film thickness. Lateral heterogeneity 

in interface and layer structure is particularly important in combinatorial studies in which a large 

range of thicknesses and interface structures are synthesized and probed within a single sample. A 

sub-micrometer x-ray probe can be positioned to probe specific combinations of layer thicknesses.  
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Combinatorial x-ray microbeam reflectivity was used to probe the layer formation in 

ultrathin Mo/W multilayer films grown on c-plane Al2O3. Using the horizontal configuration 

shown in Figure 3-4 (a), 2-inch W and Mo targets were mounted on sputtering sources A and B, 

respectively. The complementary thickness gradient in the multilayer sample shown in Figure 3-7 

resulted from the 60° off-axis geometry in source B, and a knife-edge positioned to block the top 

half of source A. A pulsed DC power supply was used to create a plasma at each source, operated 

at a power and frequency of 90 W and 65 kHz, respectively. An argon gas environment at 20 

mTorr was maintained during the sputtering of each layer. To form layers with thicknesses below 

2 nm, the total deposition times for W and Mo were 2 s and 3 s, respectively.  

Following the deposition of each Mo and W layer, x-ray reflectivity measurements were 

made at multiple points along the thickness gradient formed in the metal multilayer. Figure 3-8 

Figure 3-7 Mo/W multilayer with 
deposited with a complimentary 
thickness gradient for a combinatorial 
x-ray reflectivity study. 

Figure 3-8 Combinatorial x-ray reflectivity measured at two positions along 
a complimentary thickness gradient in a W/Mo multilayer thin-film.  
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shows the specular reflectivity at positions 1 and 2, indicated in Figure 3-7. The sequence of layers 

is indicated in Figure 3-8, with the first layer forming from a 2 s deposition of W and the second 

layer forming from a 3 s deposition of Mo. The W/Mo bilayer was repeated 4 times. The 

reflectivity measurements at different positions along the thickness gradient reveal thickness-

dependent trends in the interface structure throughout the multilayer growth.  

As an in situ probe, x-ray reflectivity with high-brightness synchrotron x-rays can also 

provide time-resolved detail into evolution of the interface structure and layer thickness during 

deposition, crystallization or other transformations. Monitoring the time dependence of the 

reflected x-ray intensity at a single wavevector provides a continuous measurement of the 

deposited thickness. Like RHEED oscillations during epitaxial growth, fixed-wavevector x-ray 

reflectivity provides real-time feedback and control during synthesis.  

To demonstrate the capability of fixed-wavevector reflectivity as an in situ deposition 

probe, a SrTiO3/BaTiO3 multilayer is grown on a SrTiO3(001) substrate at room temperature. The 

specular reflectivity amplitude was measured during sequential depositions of topmost SrTiO3 and 

BaTiO3 layers with durations of 20 min each. These layers were deposited on a pre-existing SrTiO-

3/BaTiO3 multilayer, as shown in Figure 3-9 (a). The time dependence of the reflected x-ray 

intensity at Qz = 0.499 Å-1 is shown in Figure 3-9 (b). The wavevector selected for this 

measurement was greater than the critical angle for total external reflection and small enough to 

capture clear oscillations in the reflected x-ray intensity.  

The time interval of Figure 3-9 (b) spans the deposition of a layer of SrTiO3 followed by a 

BaTiO3 layer and then by a further SrTiO3 layer. The reflected intensity is normalized to 1 at its 

local maximum value during this time. Three segments of distinctly varying reflected intensity are 

apparent during the deposition of the SrTiO3 and BaTiO3 layers. Segments (i) and (iii) occur during 
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the deposition of SrTiO3 and exhibit oscillations with a period of 23 min. Segment (ii) corresponds 

to deposition of BaTiO3. The time variation of the intensity in segment (ii) is much slower than in 

segments (i) and (iii) because the deposition rate of BaTiO3 is significantly lower than for SrTiO3.  

Insight into the time dependence of x-ray reflectivity during deposition can be gained from 

a model of the reflectivity of a single layer of continuously increasing thickness. The reflectivity 

intensity is the square magnitude of the amplitude reflectivity: 

𝑅 = |𝑟|# = 2]O$8"-
.#$

^
#
(1 − 𝑐𝑜𝑠𝑄-ℎ). 

Equation 3.1 

Here r0 is the classical radius of the electron and ρ is the electron density of the layer. The 

reflectivity given by Equation 3.1 is periodic such that successive maxima occur after increases in 

thickness Δh satisfying QzΔh = 2π. With a constant deposition rate v the increase in layer thickness 

Figure 3-9 (a) Layer sequence of the amorphous STO/BTO multilayer thin film. (b) X-ray 
reflectivity measured at Qz = 0.499 Å-1 during the deposition of the topmost layers in (i)-(iii), 
normalized to the time point with the highest reflectivity. Colored bars below the curve 
represents periods of STO and BTO deposition, respectively.  
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after time Δt is Δh = v Δt, where v has units of thickness per unit time. The intensity oscillation 

period τ is: 

𝜏 = #$
.#\
.      

Equation 3.2 

The observed period of the oscillations in segments (i) and (iii) of Figure 3-9 (b) is 23 min, 

corresponding to a deposition rate of 3.1 nm/hour, matching the results from full Qz- dependent 

reflectivity measurements.  

The results obtained from considering a single layer are also consistent with simulation 

considering the entire set of SrTiO3 and BaTiO3 layers. The intensity as a function time at fixed Qz 

was simulated using the Parratt formalism including the thicknesses all of the layers and the 

roughness of their interfaces.30, 31 The roughness at each interface and scattering length densities 

determined with in situ reflectivity measurements were used in the simulation of the time-

dependent reflected intensity. Deposition rates for SrTiO3 and BaTiO3 of 3.1 and 0.5 nm/hour, 

respectively, were used in the simulation. 

Error! Reference source not found. shows the simulated reflectivity intensity at Qz = 

0.499 Å-1 during the growth an SrTiO3/ BaTiO3 /SrTiO3 multilayer matching the experiment. The 

intensity oscillation period in Error! Reference source not found. is 23 min during segments (i) 

and (ii), matching the experimental result.  

The intensity oscillations observed in x-ray reflectivity due to increasing thickness are 

distinct from the growth oscillations observed in the specular intensity in RHEED, which probes 

a nm-scale thickness near the surface exhibits oscillations during layer-by-layer growth due to the 
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repeated monolayer-scale structural reconfiguration of the surface, with period equal to the size of 

the unit cell.32 In comparison, the x-ray reflectivity intensity oscillations arise from the change in 

thickness and have a thickness and time dependence on Qz. For example, at the midpoint between 

the Bragg reflections, often termed the anti-Bragg condition, where Qz=π/a for lattice parameter 

a, the x-ray intensity oscillations have period Δd=2a, different from the RHEED result. The 

information provided by continuous monitoring of the x-ray reflectivity thus provides 

complimentary information, such as the thickness of amorphous layers.  

3.3.2 In situ diffraction 

Insight to structural and chemical transformations developed from in situ experiments is 

particularly important in the synthesis of TMO materials with competing thermodynamic and 

kinetic products. Strontium vanadate, for example, can be crystallized into numerous structural 

and chemical states in which the thermodynamic and kinetic stability depend on a large range of 

process variables, including temperature, gas pressure and composition, and substrate crystallinity 

Figure 3-10 Simulated reflectivity at Qz = 0.499 Å-1 as a 
function of deposition time plotted (black curve, left axis) 
during the STO/BTO multilayer deposition, normalized as in 
Figure 3-8(b). The total deposited film thickness is also 
plotted (blue curve, right axis). 
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and orientation. The role of these process variables in the mechanism for crystal growth from 

amorphous precursors poses a set of characterization challenges that are uniquely accessible 

through in situ structural studies. The capability for in situ diffraction studies of crystal growth 

using the instrument described in this Chapter is demonstrated here.  

A 60-nm-thick amorphous layer of Sr-V-O is deposited by RF magnetron sputtering on a 

room-temperature SrTiO3 (001)-oriented substrate. The gas environment during the sputtering 

process was 5% H2 + 95% Ar at a pressure P = 20 mTorr. Following the creation of the amorphous 

layer, the gas pressure was increased to 1 Torr. As discussed in Chapter 2, this reductive 

atmosphere is crucial for forming the cubic phase of SrVO3.6 

To monitor the formation of the crystalline phase, the sample was rotated into the Bragg 

condition for the 002 reflection. The sample temperature was then increased to 725 °C while 

diffraction patterns were continuously collected with a pixel array detector. Figure 3-11 shows the 

growth of the crystalline SrVO3 phase from the amorphous precursor. Upon reaching 725 °C, no 

crystalline reflection was observed. A rapid increase in diffracted intensity is observed within the 

Figure 3-11 In situ diffraction from SrVO3 002 during 
heating of an amorphous precursor. The fractional change 
in integrated intensity is plotted as a function of the time 
that the sample is at 725 °C.    
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first hour. Within four hours, the crystallization had completed. Diffraction profiles measured 

immediately upon reaching 725 °C and after crystallization was completed are shown in Figure 

3-12. The continuous fractional change in integrated intensity is consistent with a crystal growth 

process that is initiated at a pre-existing crystal-amorphous interface. In the absence of a pre-

existing crystal-amorphous interface, a crystal nucleation stage would be expected to precede 

crystal growth, requiring an incubation period.33  

3.4 Conclusion  

In this Chapter, I have presented new instrumentation for in situ synchrotron x-ray studies of 

thin-film deposition and thermal processing. The instrument design enables a wide range of x-ray 

studies, including x-ray microscopy and coherent x-ray scattering using tightly focused x-ray 

probes. The geometry of the beryllium windows is especially crucial to enabling x-ray focusing 

optics with cm-scale working distances. With wide opening angles, the beryllium windows are 

recessed toward the sample stage, allowing a wide range of scattering angles. A vertical design in 

the sample stage and positioners optimizes the mechanical stability. Thin films are deposited with 

multiple methods of physical vapor deposition. Two RF magnetron sputtering sources can be used 
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Figure 3-12 Line profiles of integrated 
intensity from the SrVO3 002 reflection 
measured with θ-2θ scans after 3 minutes 
and 4 hours at 725 °C.   
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to deposit oxides and dielectrics, while vacuum evaporation can be used for high melting point 

elements.  

I have demonstrated several key capabilities for in situ structural characterization of the 

deposition and crystallization processes that are undergone during complex transition metal oxide 

solid-phase epitaxy. A strategy for monitoring the deposition rate using fixed-Q x-ray reflectivity 

is developed as a sensitive probe of deposited thickness. Combinatorial x-ray microbeam 

reflectivity is demonstrated as a method to characterize layer structure (i.e., electron density, 

interface roughness, layer thickness) within sub-micrometer regions of samples. Finally, the ability 

to monitor the structure of crystals during their growth is demonstrated with in situ Bragg 

diffraction.  

Looking ahead, the upgrade of the APS to a fourth-generation light source promises a 

significant range of new capabilities. A low-emittance multibend-acromat storage ring will 

produce synchrotron x-rays with orders-of-magnitude higher brilliance and lower horizontal 

emittance, resulting in vastly improved focusing efficiencies and smaller probe sizes. Improved 

coherence of the upgraded APS will expand the use of coherent diffraction imaging and scattering 

experiments to probe structural features and dynamics at even smaller length scales than are 

accessible today.  
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Chapter 4: Crystallographic rotation during solid-phase epitaxy of SrTiO3 from nanoscale 

seed crystals 

This chapter contains figures and text taken from Marks et al. Crystal Growth and Design.1 

4.1 Introduction 

The crystallization of amorphous complex oxide layers from isolated seed crystals presents an 

opportunity to remove geometric constraints posed by thin film epitaxial growth methods 

employing single-crystal or non-templating substrates. Solid-phase crystallization of amorphous 

precursors from nanoscale seed crystals or single crystal membranes is characterized by the 

propagation of the seed crystal-amorphous overlayer interface in every direction in which there is 

amorphous precursor to consume. As a result, the final crystal morphology can be influenced by 

the shape of the initial crystal-amorphous interfaces. In addition, the crystal structure and 

orientation of the seed crystal provides a template for lateral crystallization.2-4 Control of the seed 

crystal phase, orientation, morphology and distribution over non-templating substrates are vital 

aspects of creating three-dimensional epitaxial structures or crystallizing amorphous precursor 

layers over large-area non-templating substrates.  

The kinetics of crystallization in solid-phase epitaxy are related to short-scale atomic 

rearrangement at the crystal-amorphous interface. In solid-phase crystallization in which the 

crystal growth is initiated at buried interfaces, the self-diffusion in the amorphous layer bulk is 

slow relative to the crystal-amorphous interface.5, 6 In the model proposed by Konishi et al., the 

volume contraction that accompanies crystallization of many glassy materials results in an 

interfacial tension that enhances atomic mobility at the interface and leads to faster crystal growth.  

The crystallization processes initiated at isolated nanoscale seeds result in a state of mechanical 

stress that is different from planar thin film epitaxy. Unlike direct epitaxial growth methods, the 
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lateral epitaxial crystallization of an amorphous precursor involves short-range atomic diffusion 

near the crystal-amorphous interface and overall motion of the interface over micrometer length 

scales. In the case of lateral growth of compounds that densify during crystallization, the stress 

environment near the crystal-amorphous interface manifests as a mechanical tension acting on the 

crystal. When this tension is greater than the yield strength of the crystal, plastic deformation will 

occur through the creation of dislocations which force a rotation of the lattice planes.7-9  

The effects of this stress were probed in the crystallization of the model perovskite oxide 

SrTiO3 nucleated by isolated nanoscale SrTiO3 seeds. Synchrotron nanobeam scattering and 

diffraction was used to probe the spatial distribution of crystalline and amorphous SrTiO3. 

Individual crystalline SrTiO3 regions exhibit a lattice rotation resulting from the density difference 

between amorphous and crystalline SrTiO3. The crystal-amorphous interface advancing from the 

seeds exhibited a rotation of the crystal lattice with a rate of tens of degrees per micron of 

crystallization in the plane of the film.  

Contributions to the diffraction patterns from these components were identified using an 

unsupervised machine learning approach called non-negative matrix factorization.10 Pixel array x-

ray detector images composed of multiple diffraction and scattering signals were separated into 

primary components. These intensity of each component at each scan position in x-ray diffraction 

microscopy allowed real-space profiles of the crystallographic structure to be made.  

The rate of the lattice rotation provides insight into the crystallization mechanism. The lattice 

rotation indicates that nanoscale morphological control during solid-phase epitaxial crystallization 

from nanocrystal seeds can be achieved by manipulating the interface stress between the 

amorphous and crystalline phases to control dislocation dynamics.  



84 
 

4.2 Lateral solid-phase epitaxy from nanocrystal seeds on non-templating substrates 

* Samples used for this study were prepared by Yajin Chen.  

Nanoscale SrTiO3 seed crystals were formed on Si/SiO2 substrates following the crystallization 

of a low-coverage amorphous precursor. Figure 4-1 illustrates the process by which nanoscale 

SrTiO3 seeds were formed for this work. This process and detailed characterization of the 

nanoscale crystalline seeds are described in detail by Chen et al. in Ref. [11].11 The low-coverage 

amorphous SrTiO3 precursor was deposited using radio frequency magnetron sputtering to deposit 

SrTiO3 through a shadow mask held above the substrate. The shadow mask had 100-μm-diameter 

apertures and yielded very low SrTiO3 coverage beneath the edge of the mask on the Si/SiO2 

substrate, as shown in Figure 4-1 (a).  

Following deposition of the low-coverage SrTiO3 layer, the sample was heated in air to 650 

°C until the low-coverage regions aggregated into isolated crystals. The crystal aggregates had a 

broad range of orientations and grew to characteristic sizes of 100-300 nm. Figure 4-1 (b) shows 

Figure 4-1 (a) Formation of SrTiO3 seed crystals through 
crystallization of a low-coverage amorphous SrTiO3 
deposited through a shadow mask. (b) SEM micrograph 
showing the resulting distribution of crystallized SrTiO3 
seeds near the edge of the masked regions. 
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a plan view scanning electron microscopy image taken from a region of the sample where isolated 

crystals are visible.  

Following the formation of the isolated nanoscale seed crystals, a second layer of amorphous 

SrTiO3 was deposited with uniform coverage of approximately 40 nm thick. The sample was 

subsequently heated in air at 450 °C for 14 hours, resulting in partial crystallization of the second 

amorphous precursor. Figure 4-2 illustrates the deposition and crystallization of the second 

amorphous precursor layer for lateral crystallization in (a) and a plan view schematic and SEM 

image in (b) and (c), respectively. The crystallization of the second amorphous layer is initiated at 

the seed crystal-amorphous interface and grows laterally with a uniform interface velocity, 

resulting in approximately cylindrical crystalline regions. As seen in the SEM images in Figure 

4-2 (c) and (d), the crystals have grown radially from the seeds for an average distance of 1 μm.  

Figure 4-2 (a) Cross-sectional schematic of amorphous SrTiO3 on the nanocrystal seeds. 
Subsequent heating results in the propagation of the amorphous overlayer/nanocrystal 
interface away from the seed. (b) Plan-view schematic of a circular region of laterally 
crystallized SrTiO3 (red) around a nanocrystal seed (black box). (c) SEM image showing 
SrTiO3 grown laterally via solid-phase epitaxy from nanocrystal seed. (d) SEM 
micrograph of an area with a gradient in the concentration of crystalline seeds and a 
corresponding variation in in the concentration of laterally crystallized SrTiO3. 
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The SrTiO3 regions that have crystallized around isolated seed crystals are different than single 

crystal SrTiO3 grown with vapor-phase epitaxy because of the separation of the deposition and 

crystallization in solid-phase epitaxy. The crystal growth that occurs within the amorphous 

precursor requires short-range diffusion of atoms near the crystal-amorphous interface, instead of 

the long-range surface diffusion of adatoms required in direct epitaxy. As a result, extended lateral 

growth distances of complex oxides over non-templating surfaces depend on only annealing 

conditions and the elastic environment associated with three-dimensional crystallization.  

Lateral crystallization of amorphous precursors from seed crystals results in a three-

dimensional stress distribution that arises from the density difference between the amorphous and 

crystalline phases. The free surface of the film allows the out-of-plane strain that results from the 

density difference to be relaxed by shrinkage of the film thickness. However, the lack of a free 

surface along the in-plane direction prohibits strain relaxation through volume changes. The effect 

of this complex elastic environment on the microstructure of laterally crystallized SrTiO3 regions 

has important implications on the use of lateral SPE for producing large-area epitaxial films of 

other perovskite complex oxides.  

4.3 Grazing incidence x-ray nanobeam diffraction experiments 

To study the effect of the elastic environment on the crystal structure, I performed a 

measurement using synchrotron x-ray nanobeam diffraction to probe the crystal structure of single 

laterally crystallized SrTiO3 regions. These crystallized regions were characterized at the ID01 

beamline of the European Synchrotron (ESRF).12 An incident x-ray beam with a photon energy of 

20 keV was focused to a 230 × 140 nm2 full-width-at-half-maximum spot using Kirkpatrick-Baez 

optics. The measurements were conducted in a grazing-incidence geometry to maximize the 

volume of the amorphous material probed by the focused beam while suppressing contributions 
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due to thermal diffuse scattering (TDS) from the Si substrate. The incidence angle of 0.35° resulted 

in a beam footprint of 230 nm × 23 μm. Diffraction patterns were recorded on a pixel array detector 

with a GaAs sensor with 55 μm pixels positioned 50 mm from the sample, spanning an angular 

range of 33°.Diffraction patterns were collected as a function of position along a scan path that 

traversed at least one full laterally crystallized SrTiO3 region.  

The diffraction patterns contain scattering signatures from the amorphous regions and 

diffraction from the crystalline seeds and laterally crystallized overlayer. These scattering and 

diffraction features are visible in Figure 4-3 (a), which shows an average of the diffraction pattern 

collected from a 4 μm-wide linear scan using 100 nm steps. The x-ray probe was scanned through 

a region composed mostly of amorphous SrTiO3 with isolated areas of crystallized SrTiO3. There 

are several experimental artifacts that show up in the diffraction patterns from diffraction from x-

ray optical elements, lines of low zero intensity from regions between panels of the detector and 

TDS from x-rays that penetrate the substrate. However, the diffraction and scattering from the 

amorphous and crystalline SrTiO3 regions are clearly visible. We can rule out amorphous 

scattering from the native oxide layer on the Si substrate contributing to the diffuse ring of intensity 

because, even after oxidation of the Si surface during the processes associated with the creation of 

the SrTiO3, the native oxide thickness is on the order of 1 nm. There is no detectable signature of 

diffraction from the crystallization of the SiO2 layer. Contributions from the SiO2 layer to the 

diffraction patterns have, thus, not been included in this analysis.  
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Arcs of intensity within the 110, 111, and 200 SrTiO3 powder rings and a broad peak associated 

with the scattering from amorphous SrTiO3 are clearly distinguishable from the experimental 

artifacts, as shown in the azimuthally integrated pattern in Figure 4-3 (b). The diffraction profile 

in (b) was analyzed in terms of the scattering wavevector Q=4π sin(2θ/2)/λ, where λ is the x-ray 

wavelength and 2θ is the scattering angle with respect to the incident beam direction. The diffuse 

ring of intensity in the diffraction patterns centered at Q = 2.09 Å-1 is scattering from amorphous 

SrTiO3. Powder diffraction from the (110), (111) and (100) planes are seen in the diffraction 

profile, with the (100) planes recorded using the 200 reflection. These Bragg reflections arise from 

different crystals within the footprint of the beam. The powder rings are discontinuous with a 

Figure 4-3 (a) Average x-ray area detector image from a scanning x-ray nanobeam 
diffraction scan. The white circle and black dot are shadow of the center stop and the 
position of the transmitted x-ray beam, respectively. (b) Azimuthally integrated 
diffraction and scattering profile of the average detector image in (a). The SrTiO3 
reflections are labeled with their indices. The symbols a, *, and ** denote scattering 
from amorphous SrTiO3, an artifact arising from diffraction from a Pt aperture in the 
incident beam optics, and edge effects from the detector chip border leading to higher 
pixel intensities, respectively. 



89 
 

maximum of 3 distinct Bragg reflections at each probe position, indicating that the Bragg condition 

was satisfied within 3 SrTiO3 crystals. Based on the area of the probe footprint and the average 

size of the crystals, we estimate that up to 30 crystals could, in principle, be illuminated by the 

probe.  

4.4 Diffraction pattern decomposition using non-negative matrix factorization  

Datasets from x-ray diffraction microscopy experiments are commonly composed diffraction 

patterns containing multiple diffraction and scattering signatures that arise at overlapping regions 

of reciprocal space. Such diffraction patterns measured with two-dimensional pixel array x-ray 

detectors will have pixels with values that are a sum of multiple scattered or diffracted x-ray 

intensities. The deconvolution of the mixed signals captured by the detector is, thus, an important 

aspect of the analysis of x-ray diffraction microscopy data. This section describes an approach for 

signal deconvolution in diffraction patterns using an unsupervised machine learning technique that 

can be potentially useful for high-throughput image analysis in x-ray diffraction imaging 

experiments. 

In the diffraction patterns collected from the line scans across regions of amorphous and 

crystallized SrTiO3, the overlapping distributions of the scattered and diffracted x-ray intensity 

were separated by breaking the diffraction patterns into constituent components using non-

negative matrix factorization (NMF). Component-based image processing has been previously 

employed for high-throughput data analysis of two-dimensional diffraction patterns acquired in x-

ray diffraction microscopy.13 The NMF analysis used the scikit-image software package.14 In brief, 

NMF finds non-negative matrices X and W such that the diffraction pattern V can be expressed as 

V » XW. The contents of X and W are found without supervision by optimizing the squared 

Frobenius norm 𝑑](𝑉,𝑊𝑋) =
1
#
||𝑉 − 𝑋𝑊||]# . The vector W is made up of eigenvalues by which 
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the linear combination ∑ 𝑊)𝑋))  reproduces V.10 The elements of V correspond to the individual 

diffraction patterns collected during a raster scan. X is a 1 × N row vector of images, where N is 

the number of components considered in the analysis. The elements of X are individual image 

matrices, hereafter referred to as basis diffraction patterns, containing distinct features that arise in 

V.  

The eigenvalues corresponding to the first 20 components of the average detector image found 

by principal component analysis (PCA) are shown in Figure 4-4 (a). The PCA components were 

Figure 4-4 (a) Component eigenvalue as a function of component number 
derived from the principal component analysis of the average detector 
image from the raster scan. (b) Basis diffraction patterns containing 
scattering signals from the amorphous layer and detector artifacts (X1) 
and diffraction signals from the crystalline SrTiO3 regions (X2, X3, and 
X4). The intensity scale for each basis diffraction pattern is normalized to 
1 at its maximum. 
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found without supervision. The number of components, N, with statistically significant 

eigenvalues (i.e., accounting for a meaningful amount of variance in V) was chosen from Figure 

4-4 (a). The number of components required to account for the majority of the variance is apparent 

as an elbow in the curve.15 Figure 4-4 (a) exhibits a rapid decrease in eigenvalues for up to 

approximately four basis diffraction patterns and a far slower decrease for N greater than 4.    

The distributions of scattered x-ray intensity in the basis diffraction patterns resulting from the 

NMF analysis are shown in Figure 4-4 (b). The basis diffraction patterns are labeled X1 through X4 

in order of the magnitude of their contribution to the average diffraction pattern, with the largest 

contribution coming from X1. The structural origin of the intensity in the component images can 

be determined by analyzing the intensity distribution in each image. Basis diffraction pattern X1 

contains the x-ray scattering signature from the amorphous layer, TDS from the Si substrate, and 

diffraction from x-ray optical elements. The intensity associated with the TDS and x-ray optical 

elements does not vary as a function of position on the sample within the range of the scan. Basis 

diffraction patterns X2 to X4 all show diffracted intensity appearing on the each of the 110, 111, 

and 200 powder rings.  

A series of line profiles containing the fractional contributions of each basis diffraction pattern 

to the diffraction patterns acquired along the scan is shown in Figure 4-5. At each scan point, the 

four component weights sum to 1.  
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The weight distributions of the four basis diffraction patterns are analogous to real space intensity 

distributions made by integrating diffraction signals as a function of location on a sample. The 

spatial profiles of the component weights in Figure 4-5 indicate that the scanned region includes 

an area of crystallized SrTiO3 surrounded by a region in which the SrTiO3 has remained 

amorphous. The variation of the weights of the basis diffraction pattern X1 along the scan show 

the spatial distribution of intensity originating from scattering from amorphous SrTiO3. The 

contribution of basis diffraction patterns X2 to X4 are large at the scan points in which there is a 

local minimum in the contribution from X1.  

The diffracted intensity in each of the powder reflections can be further isolated by reducing 

the dimensions of the basis diffraction patterns to include only the pixels containing that intensity. 

The reduced dimension images allow the diffracted intensity from each reflection to be separately 

analyzed so that the crystal structure of individual regions of laterally crystallized SrTiO3 can 

probed even with multiple crystalline regions being illuminated by the probe footprint.  

Figure 4-5 Component weight as a function of position. W1 
corresponds to the spatial distribution of scattered intensity from 
amorphous SrTiO3. W2, W3, and W4 represent the spatial 
distribution of diffracted intensity from crystalline SrTiO3. 
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4.5 Continuous lattice rotation with in-plane lateral solid-phase epitaxy 

The highest intensity diffraction signals within the basis diffraction patterns are three 110 

reflections that appear simultaneously on the detector during the raster mapping, visible in the 

diffraction pattern shown in Figure 4-6 (a). The angle χ describes angular position along the 

powder ring, as illustrated by the diagram including specific angles χa and χb on the diffraction 

pattern in Figure 4-6 (a) which correspond to the initial and final points of the azimuthal integration 

along χ, shown in Figure 4-6 (b). Three reflections from the {110} family of planes are visible 

along the powder ring at distinct values of χ in basis diffraction patterns X2, X3, and X4. The asterisk 

in Figure 4-6(a) indicates an artifact arising from an x-ray optical element. The 110 reflections are 

Figure 4-6 (a) Diffraction pattern acquired from the region of crystalline 
SrTiO3 with vectors pointing to two points along the 110 powder ring, χa and 
χb, along with their angular separation, Δχ. An artifact from an x-ray optical 
element is indicated with an asterisk. (b) Line profile showing the intensity 
distribution along the χ direction in an angular range encompassing the three 
110 variants visible in the diffraction pattern in (a). 
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separated by Δχ = 60°, measured using distribution of the intensity in Figure 4-6 (b). The three 

diffracted intensity maxima in Figure 4-6 (b) arise from diffraction from the {110} planes within 

the same crystals. Multiple reflections appear for each crystal because the high mosaicity makes it 

possible for reflections with Bragg angles separated by a few degrees to meet the Bragg condition. 

The cubic structure of SrTiO3 causes reflections in the {110} family to be separated by 60° along 

χ when the incident beam is approximately along the [111] direction.  

Analysis of diffraction patterns collected from line scans across several SrTiO3 crystallites 

reveal that there is a position-dependent shift of the intensity in the 110, 111 and 200 powder rings 

along the χ direction on the detector. The angular shift of the diffracted intensity corresponds to 

the rotation of the scattering wavevector about the zone axis. Figure 4-7 (a) shows a diffraction 

pattern collected from a single scan point in which three 110 variants are visible, along with an 

artifact indicated by an asterisk. Three regions of interest (ROIs) labeled χ1, χ2, and χ3 are drawn 

in one of the variants centered at different values of χ along the 110 powder ring. Each ROI spans 

an angular range of 4.3° along χ. The spatial map of the integrated intensity from within each ROI 

is plotted in Figure 4-7 (b).  

The crystalline regions producing the rotating scattering vectors are composed of separate 

domains in which the out-of-plane lattice vector of each neighboring domain is tilted, resulting in 

a rotation of the scattering plane that produces a relative angular shift of the 110 reflections along 

the χ direction.  The reflections shown in Figure 4-7 and Figure 4-7 exhibit the same rotation as a 
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function of position. The rotation is consistent with an interpretation in which those reflections 

arise from a single crystal with a shared zone axis. 

The redistribution of the intensity along the χ direction on the detector corresponds to a 

continuous reorientation of the unit cell as a function of distance from the seed in the laterally 

crystallized SrTiO3 regions. The magnitude of the lattice rotation at each sample position was 

determined by measuring the rotation in χ of the intensity in the 110, 111 and 200 reflections. 

Sections of the powder rings containing each reflection were divided into ROIs separated along χ 

by 2.25°. These reduced dimension images were further decomposed into two components, with 

the amorphous scattering and crystalline diffraction signals separated into the first and second 

Figure 4-7  (a) Diffraction pattern acquired from a region of 
crystalline SrTiO3 showing three 110 variants. The rectangles 
indicate ROIs centered at different χ angles for a single 110 variant. 
(b) Integrated intensity within the ROIs defined in (a) as a function 
of position. The shift of the diffracted intensity along χ as a function 
of position leads to maxima at different positions in each curve. 
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components, respectively. The component weights were found as a function of beam position in 

the line scan.  

The χ variation in each Bragg reflection arises from the rotation of the out-of-plane lattice 

vector in each crystalline region in which the Bragg condition is satisfied. The angular shift as a 

function of the position of the centroid of the intensity of the crystalline component is plotted in 

Error! Reference source not found.. The angle at the center of the crystalline region is χcen. Two 

scans of offset regions of the crystallite producing reflections from {110} families of planes are 

labelled as {110} crystal, region 1 and {110} crystal, region 2 in Error! Reference source not 

found.. The mean rate of rotation of the three crystals shown in Error! Reference source not 

found. is 25° per μm with a standard deviation of 4° per μm.  

4.6 Mechanism for plastic deformation during amorphous-to-crystalline transformation 

In this section, insight is developed for the microstructural mechanism driving the lattice rotation 

apparent in the rotating diffraction features. The similarity of the rotation rates evident in Error! 

Figure 4-8 Lattice rotation as a function of position for crystals producing 
reflections from {110}, {111} and {100} families of planes from crystals in the 
area probed in the x-ray experiment.  The {100} planes were probed using a 
200 reflection. The two curves labeled {110} crystal, region 1 and {110} 
crystal, region 2 arise from scans of different range within the crystal 
producing the 110 Bragg reflections. 
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Reference source not found. among these crystals suggests that similar defect formation 

processes are occurring within each crystal. The effect of the defects on the crystal structure is 

producing a rotation in the out-of-plane lattice vector. Figure 4-9 illustrates a cross-sectional view 

of the laterally crystallized SrTiO3 with rotating crystallographic planes indicated by the black 

arrows. In this microstructural model, the incremental lattice rotation axis is in the plane of the 

crystal surface and orthogonal to the direction of the crystallization. The fixed incident angle of 

the x-ray probe leads to an experimental arrangement in which the Bragg condition can only be 

satisfied by crystals that rotate around a rotation axis approximately parallel to the incident x-ray 

wavevector. In the radially crystallized regions of SrTiO3, this corresponds to a thin slice of the 

crystallized region extending along the scan direction. The small variation of the Bragg condition 

due to the requirement to couple the crystal rotation and in-plane orientation results in a width of 

on the order of 50 nm for this region. Other directions of the lattice rotation cause the crystal to tilt 

out of the Bragg condition.  

The lattice rotation apparent in Figure 4-9 is consistent with the large tensile stresses at 

crystal-amorphous interfaces due to the change in density across the interface. Tensile stress in the 

crystalline material at crystal-amorphous interfaces have been previously reported in systems that 

Figure 4-9 Schematic indicating rotation of the 
crystallographic orientation as a function of position within the 
crystalline SrTiO3 region. The black box represents the seed 
crystal. 
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undergo significant densification during crystallization such as SiO2, GeO2, and Sb2S3.8, 16 The 

stress is a key feature of the mechanism driving the rotation of the crystal lattice during 

crystallization. Tensile stress exerted on the crystal by the less dense amorphous material induces 

a strain state that provides the elastic energy needed to form dislocations. The dislocation density, 

ρ, required to produce the measured lattice rotation can be approximated by   

𝜌 = (^%!0'^)1B1
|𝐛|>

, 

Equation 4.1 

where (𝜒!J9 − 𝜒)I4I is the total rotation of the 110 reflections, |b| is the Burger’s vector, and d is 

the length of the crystalline SrTiO3 region.7 We adopt the value of b for SrTiO3 unit cell equal to 

the lattice constant 3.905 Å, as determined for the relaxed epitaxial SrTiO3.17 Assuming a 

homogeneous distribution, the dislocation density needed to produce the observed rotation is 1 × 

1015 m-2. The estimated magnitude of the dislocation density in SrTiO3 formed through lateral SPE 

is slightly higher than reported for bulk SrTiO3 that has undergone high temperature deformation.18 

However, dislocation densities of similar magnitude have been reported in mechanically polished 

bulk SrTiO3 within a 5 μm region beneath the surface.19, 20 

Direct evidence of the presence of dislocations in laterally crystallized SrTiO3 is missing from 

this work. However, we can make predictions of the conditions that would favor the formation of 

dislocations based on the documented mechanical properties of SrTiO3. Plastic deformation 

through the formation of dislocations can occur in a solid if an applied stress exceeds the yield 

strength. The yield strength of crystalline SrTiO3 at room temperature is 120 MPa.21 The density 

difference between amorphous and crystalline SrTiO3 leads to a stress on the order of 1 GPa. After 

the lattice rotation is initiated, a new stress on the order of 1 GPa is developed from the curvature 
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in the crystal. Both sources of applied stress greatly exceed the room temperature yield strength of 

SrTiO3, making plastic deformation through the formation of dislocations a likely outcome. 

4.7 Conclusion  

Crystallizing amorphous precursor layers is a promising route toward created non-planar 

epitaxial structures or large-area growth over non-templating substrates using preformed and 

distributed seed crystals. In complex oxides that exhibit large density changes during 

crystallization from amorphous precursors, a complex stress environment develops near the 

crystal-amorphous interface. For crystal growth toward a free surface, the elastic strain that results 

from this stress is relieved through volume contraction. In crystallization geometries that do not 

allow volume contraction through motion of the free surface, the mechanical stress environment 

becomes an important and potentially limitation to accessible geometries for crystal synthesis. 

Using high energy synchrotron x-ray nanobeam microscopy, I have shown in this work that 

extreme lattice rotation arises in the solid-phase crystallization of amorphous SrTiO3 from isolated 

seed crystals. The key experimental signature of the lattice rotation was the continuous rotation of 

the intensity of Bragg reflections along the azimuthal direction on a pixel array x-ray detector. 

Scanning the focused x-ray probe across regions of the sample containing amorphous and laterally 

crystallized SrTiO3 revealed several individual crystalline regions that each exhibited lattice 

rotation. The rate of lattice rotation was approximately 25° per μm of lateral growth from the 

central seed crystal. This rotation rate was consistent for several distinctly oriented crystalline 

regions, indicating that a similar defect formation process is responsible for the plastic 

deformation. 

 The diffraction patterns collected during this study contained diffraction and scattering signals 

that were often overlapping in reciprocal space. To separate these signals, I adopted a machine 
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learning approach that distinguishes overlapping contributions to the diffraction patterns from 

amorphous scattering and crystalline diffraction using non-negative matrix factorization. This 

technique can be particularly useful for processing large volumes of data collected during x-ray 

microscopy experiments into physically meaningful signals while discarding artifacts.  

The discovery in this work of a continuous lattice rotation with radial distance from the seed 

crystal is consistent with the formation of dislocations that nucleate in response to the tensile stress 

exerted on the crystal from the amorphous layer. The reorientation is locally continuous, rather 

than resulting in a series of discrete polycrystalline grains. This microstructure should be expected 

for any complex oxide grown by lateral solid-phase crystallization in the absence of free surfaces 

to accommodate the strain. Further progress in understanding the mechanical processes through 

which the microstructure evolves during crystallization can potentially lead to processing 

conditions that favor or inhibit dislocation motion. The potential for large-area lateral 

crystallization depends on the discovery of new ways to control the crystal orientation and 

microstructure.  
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Chapter 5: Dynamic control of oxygen vacancies in strongly correlated VO2 

5.1 Introduction 

Strongly correlated transition metal oxides exhibit electronic, structural, and chemical states 

that are intimately coupled. Stable and metastable structures and electronic states can be reached 

through modifying one of several degrees of freedom, including crystal symmetry, ionic valence 

and orbital configuration.1 Vanadium dioxide (VO2) is a TMO with a metal-insulator transition 

(MIT) that can be triggered through multiple stimuli including thermal, mechanical, optical, 

electronic, and defect nucleation.2-5 In addition to attracting considerable interest for technological 

applications requiring reversibly switchable electronic states, VO2 remains the subject of intense 

research efforts that aim to understand the stability of the two states and the timescales of the 

various fundamental mechanisms enabling the MIT.6, 7 

Collective carrier delocalization in VO2 can be triggered by heating through a critical 

temperature, application of an electric field or mechanical stress, or by optical excitation. More 

recently, oxygen vacancy doping has been used to induce formation of metallic monoclinic VO2 

using electric fields delivered from voltage-biased atomic force microscope (AFM) probes.8, 9 At 

sufficient concentrations, oxygen vacancies suppress the MIT temperature in VO2 to below room 

temperature by modifying the electronic structure. Unlike other point defects such as interstitial 

hydrogen, which introduces mid-gap states, oxygen vacancies enhance the conductivity of VO2 

through the filling of V 3d orbitals.10, 11 These V 3d electrons that would form V–O bonds remain 

after an oxygen atom is removed from a lattice site and are delocalized upon promotion to the 

vanadium 3d conduction band.12  
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The removal of an oxygen from a lattice site in VO2 results in the reduction of the 

neighboring vanadium valence and a corresponding increase in ionic radius. Oxygen vacancies 

that formed along the V – V dimer chains in the monoclinic VO2 structure cause an increase in 

lattice parameter along the c-axis.  For monoclinic VO2 grown on Al2O3 (101�0), the V – V dimers 

form along the out-of-plane direction.13 In this film orientation, an oxygen deficient phase has a 

larger out-of-plane lattice parameter than the stoichiometric compound. 

Dynamic control of defect states in VO2 has recently been reported as a promising route 

toward on-chip lithography using a conductive scanning probe as a stylus.8, 9, 14 A conductive 

atomic force microscope probe can create conductive regions of oxygen-depleted VO2-δ through 

the local biasing of monoclinic VO2 with intense electric fields. Depending on the oxygen 

environment at the interfaces of the film, the VO2-δ phase may dissipate within minutes or over the 

course of several days.15 The instability of VO2-δ poses a significant experimental challenge and 

may limit the scope of technological applications. 

The patterned regions of VO2-δ can be seen with optical microscopy to decay over the 

course of several days in ambient conditions, consistent with the relaxation rate reported in Ref. 

14.15 I will demonstrate in this work that the relaxation process is accelerated when the VO2-δ 

region is irradiated by high energy synchrotron x-rays. High energy photon irradiation of H2O and 

O2 present in the experimental environment results in the dissociation into chemically reactive 

species, including O-, O and O2-.16-18 These reactive species created at the surface of the VO2-δ film 

interact with and annihilate oxygen vacancies at a rate shown to depend on x-ray photon flux. 

The effect of oxygen vacancies on the structure and electronic properties of the monoclinic 

phase of VO2 has been studied in detail by Jeong et al. for epitaxial VO2 grown on both TiO2 and 

Al2O3 substrates.19, 20 In these studies, the VO2-δ phase has been formed either synthetically by 
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reducing the oxygen partial pressure of the growth atmosphere or through ionic liquid gating 

(ILG). For VO2-δ formed with ILG, a gate voltage is swept to induce a reversable change between 

high- and low-resistivity states. Providing that the ionic liquid was not saturated with oxygen, the 

applied electric field, which creates an electric double layer at the interface between the ionic liquid 

and VO2 film, was sufficient to create oxygen vacancies. The depth-resolved oxygen vacancy 

concentration was determined using XPS and secondary ion mass spectrometry which indicated 

that oxygen vacancies were created as deep as 20 nm into the VO2 film.13 

In this Chapter, I focus on a defect-driven metallic state in monoclinic VO2 that can be 

dynamically driven through the creation of oxygen vacancies. Experiments employing in situ 

synchrotron x-ray microdiffraction and scanning near-field optical microscopy reveal correlated 

metastable structural and electronic states that evolve over a much longer timescale in comparison 

to the fundamental timescale of the thermal, optical, or electric field induced MIT.  The stability 

of the conductive VO2-δ state is related to the kinetics associated with oxygen vacancy diffusion. 

Understanding and controlling the effect of oxygen vacancies on the structure and electronic 

properties are, thus, key steps in developing applications based on metastable conductive states in 

VO2.  

5.2 Metallic monoclinic VO2 induced from oxygen vacancies 

Electrochemical doping of monoclinic VO2 with oxygen vacancies has been demonstrated to 

suppress the MIT temperature in monoclinic VO2 to below room temperature, resulting in a change 

in electrical conductivity by several orders of magnitude.8, 19-21 Oxygen vacancy concentrations 

that are sufficient to drive this magnitude of change in the conductivity can be reached through 

electrochemical reduction of the vanadium resulting from ionic liquid gating. A reduction of 
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vanadium from a 4+ to a 3+ oxidation state modifies the electronic band structure and results in 

enhanced free carrier concentrations.13, 19   

Removal of an oxygen from the apices of the octahedra surrounding V in monoclinic VO2 

results in a larger V-V bond length due to the relative ionic radii of V3+ and V4+. Larger V-V 

separation in the VO2-δ phase results in a smaller overlap in the V 3d orbitals and decrease in d|| 

band splitting, shown in the schematic band structure in Figure 5-1. The changes in the electronic 

band structure associated with oxygen vacancies are distinct from the band structure changes 

following symmetry-altering structural phase transitions.13  

Computational studies of the effect of oxygen vacancies on the electronic structure of 

monoclinic VO2 using first-principles indicate that the Fermi level (EF) for monoclinic VO2-δ is 

Figure 5-2 Density of state calculations for monoclinic 
VO2 (a) and monoclinic VO2-δ (b) from Ref. 21. 

Figure 5-1 Band structure illustrating the 
reduction in V 3d suborbital splitting in 
oxygen deficient monoclinic VO2, after Ref. 
20.   
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shifted up to the conduction band in energy relative to EF in monoclinic VO2, as shown in Figure 

5-2.22 The populating of empty states at EF in the VO2-δ phase is consistent with the charge 

redistribution that accompanies the removal of an oxygen atom from the lattice.  

5.2.1 On-demand patterning of VO2-δ with biased scanning probe 

The changes to the electronic structure in metallic monoclinic VO2 induced by oxygen 

vacancies have been discussed in the previous section. In this section, a method for patterning 

conductive regions in insulating monoclinic VO2 based on the local and dynamic control of oxygen 

vacancies will be discussed. Figure 5-3 shows a schematic of the process for patterning conducting 

regions in VO2 using biased scanning probe lithography. A conductive AFM probe with a 40 nm 

radius of curvature is scanned in contact mode across a designated area of the film. During the 

scan, a 10 V potential is applied across the sample producing an intense electric field between the 

AFM probe tip and sample surface. Depending on the polarity of the applied voltage, oxygen 

vacancies can be created or annihilated.  

With a 10 V bias, the magnitude of the applied electric field between the nanoscale AFM 

probe and the film is on the order of 1010 V m-1, sufficient to promote electrochemical doping 

through oxygen vacancy creation.14   At room temperature and pressure, water from the atmosphere 

Figure 5-3 Illustration of the process for 
patterning conductive regions in insulating 
monoclinic VO2.  
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with average humidity of 30% forms a meniscus between the surface of the film and AFM probe. 

When an intense electric field is applied along the out-of-plane direction in the film through the 

AFM probe, the water molecules will dissociate into H3O+ and OH- ions. Electric fields as high as 

1010 V m-1 are induced between the AFM probe and sample when a 10 V potential is applied. As 

shown in Figure 5-4, the charged ions segregate in response to the electric field, with the positively 

charge H3O+ ions moving toward the VO2 film surface when the sample is biased to produce an 

electric field that is parallel to the surface normal. Reactions between oxygen in the VO2 film and 

the H3O+ ions at the surface result in the oxygen vacancy formation.  

The depth of the oxygen vacancy formation during ILG was studied in Ref. [17] by 

introducing 18O2 isotopes during reverse gating and probing the depth-resolved concentration using 

secondary ion mass spectroscopy.19 During reverse gating in which the applied voltage polarity is 

reversed, oxygen is driven from the ionic liquid into the film to fill vacancies within the crystal. 

Excess 18O was detected at depths of 20 nm from the surface of the film, indicating that the 

formation of oxygen vacancies occurred as deep as 20 nm into VO2 grown on Al2O3 (101�0) and 

TiO2 (001) substrates.  

Figure 5-4 Dissociated atmospheric and 
chemisorbed water on surface of VO2 
forming an ionic liquid. 
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5.2.2 Imaging metastable VO2-δ with s-SNOM and x-ray microdiffraction 

For strongly correlated materials like VO2 that can undergo reversable structural and electronic 

phase transitions, capturing the structural, optical, and electronic aspects simultaneously is 

required to understand their correlation in spatial and temporal domains. In this section, I will 

discuss experiments performed with the multimodal imaging endstation that has been developed 

for probing the crystal structure and electronic properties of strongly correlated materials that 

exhibit nanoscale structural, chemical, and electronic heterogeneity.23 These experiments are 

conducted in situ so that metastable states can be monitored in space and time.  

To elucidate the effect of oxygen vacancies on the defect microstructure and electronic 

structure of VO2, I use a combination of synchrotron x-ray nanodiffraction and s-SNOM imaging 

to capture aspects of the crystal structure of the film and the optical reflectance of the film’s 

surface. Hard x-ray diffraction microscopy reveals information about the average crystal structure 

within the sample-probe interaction volume. The optical reflectance measured with s-SNOM 

detects the presence of charge carriers that modify the dielectric response in the film. Fundamental 

aspects of these two techniques are discussed in greater detail in Chapter 1.  

Figure 5-5 shows a typical dataset collected during an experiment employing XSNOM. A 

diffraction pattern showing the 200 Bragg reflections is captured with an x-ray area detector. 

Separate regions of the diffraction pattern arise from distinct structural states within the film. The 

first region-of-interest (ROI 1) indicated by the larger rectangle on the lower 2𝜃 of the detector 

that captures diffracted x-ray intensity from metallic VO2-δ. The smaller ROI 2 defines the detector 

region on which the Bragg reflection of VO2 phase falls. The integrated intensities of the VO2-δ 

and VO2 200 reflections while scanning the sample with respect to the x-ray probe are plotted as 

a function of probe position on the sample in Figure 5-5 (c) and (d). The integrated intensity of the 
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VO2 reflection has a distribution that is anti-correlated to the integrated intensity distribution of 

the VO2-δ phase. This is expected because the VO2 phase is consumed by the VO2-δ phase during 

the patterning process.  

Within the same region of sample from which the x-ray diffraction imaging in Figure 5-5(c) 

and (d) was performed, an image of the spatially-resolved optical reflectance, shown in Figure 5-

5(b), was measured with s-SNOM. The intensity distributions of the metallic VO2-δ phase match 

the distribution of optical reflectance because the electronic conductivity within the VO2-δ regions 

result in an enhancement of the optical reflectance.  

Figure 5-5 A typical “XSNOM” dataset collected from VO2 on r-plane Al2O3 
after patterning an 8 μm × 8 μm region of conducting VO2-δ. The diffraction 
pattern collected from the patterned region shown in (a) contains intensity 
from the metallic (ROI 1) and insulating (ROI 2) phases. The integrated 
intensity in ROI 1 and ROI 2 is plotted for each probe position, shown in (c) 
and (d). The simultaneously captured s-SNOM reflectivity is shown in (b). 
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5.3 X-ray photon-induced annihilation of oxygen vacancies  

The stability of conductive VO2-δ depends on the mobility of oxygen vacancies in the lattice 

which was significantly influenced by x-ray irradiation. This complicated the diffraction 

measurement because the x-ray probe-induced effects cannot be fully decoupled from the intrinsic 

relaxation dynamics of VO2-δ.  

To measure the structural changes induced by the oxygen vacancies, a diffraction pattern was 

collected immediately following patterning of the 8 μm × 8 μm regions of VO2-δ. Figure 5-6 shows 

the vertically integrated intensity profiles plotted as a function of the 2θ angular range spanned by 

the ROIs. The ROIs on the detector for the two profiles in Figure 5-6 were set as shown in Figure 

5-5(a). The total exposure time in which x-rays photons irradiated the sample was 1 s. The short 

exposure time was vital to capturing a snapshot of the crystal structure before any relaxation 

occurred. The 200 Bragg reflection from the VO2 phase is centered at 2θ = 27.861° The intensity 

profile corresponding to the VO2-δ phase exhibits a second peak arising at 2θ = 27.302°. Fits of 

both ROIs excluded the contribution of the crystal truncation rod. The out-of-plane expansion 

Figure 5-6 Vertically integrated intensity profiles of ROI 
set around VO2-δ phase (orange) and VO2 phase (blue). 
The shaded regions represent the cumulative fits of each 
curve. The cumulative fit for the VO2-δ phase is the 
convolution of the two Gaussians shown. 
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associated with the VO2-δ phase can be estimated using the change in d-spacing of the 200 

reflection. The out-of-plane strain is given by  

𝜖 =
>9:$CD	
$-- '>	9:$	

$--

>9:$CD	
$-- .        

Equation 5.1 

Using 𝑑UV$CD	
#// = 2.352 Å and 𝑑UV$	

#// = 2.306 Å, the strain in the VO2-δ phase is 𝜖 = 2.01%.  

 The annihilation of oxygen vacancies in the VO2-δ phase proceeds rapidly upon exposure 

to hard x-ray photon irradiation. The x-ray irradiation-induced relaxation from conducting VO2-δ 

to insulating VO2 was monitored using continuously captured diffraction patterns from a single x-

ray probe position centered within the patterned region. Figure 5-7 shows the vertically integrated 

profiles of the diffraction pattern measured at the VO2 200 Bragg condition. Besides the pristine 

VO2 and transformed VO2-δ profiles, two additional profiles are plotted, showing the diffraction 

patterns collected after 10, 20 and 40 minutes of continuous exposure to 11.15 keV x-ray photons. 

Figure 5-7 Vertically integrated intensity profiles 
from diffraction patterns collected during 
continuous x-ray exposure. The green, blue and pink 
line profiles were measured after 10, 20 and 40 
minutes of x-ray exposure. 
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Figure 5-7 shows that the out-of-plane lattice parameter has completely relaxed from the VO2-δ 

phase to the VO2 phase.  

 The x-ray photon-assisted relaxation of VO2-δ to VO2 can be explained with the reaction of 

reactive ions created by the dissociation of atmospheric oxygen following high energy x-ray 

irradiation. The creation of O, O- and other excited states of O2 resulting from high energy x-ray 

irradiation has been previously reported.17, 18, 24 These reactive species, when near the surface of 

the VO2-δ region of the film, interacted with oxygen vacancies with a rate that is determined by the 

concentration of the reactive species at the surface. The concentration of reactive ions is a function 

of x-ray photon flux. As the concentration of reactive species near the surface of the film is 

enhanced by increased the x-ray photon flux, the transformation rate of the VO2-δ to VO2 

transformation is expected to accelerate.  

The photon flux dependence of the transformation rate was explored by measuring the time-

resolved change in a freshly patterned VO2-δ region for approximately 20 minutes. A fresh pattern 

was created for each flux-dependence measurement. The flux-dependent scans were initiated with 

the x-ray probe positioned outside of the patterned region so the first 60 s of measuring the 

structure of the pristine VO2 phase. After 60 s, the x-ray probe was positioned into the center of a 

freshly patterned region of VO2-δ. The flux was controlled with Mo foils placed into the beam path. 

Without any Mo filters in the beam (i.e., 100% flux), the x-ray photon flux was 3 × 1011 photons/s, 

measured with a He-filled ionization chamber located between the Mo filters and sample. Figure 

5-8 shows the dependence of the transformation rate on x-ray photon flux. The relaxation curves 

in Figure 5-8 were each normalized to their respective minima.  
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A clear dependence in the rate of transformation from VO2-δ to VO2 is observed in Figure 5-8. 

With 20 minutes of x-ray irradiation, the transformation was completed only when full flux was 

used. The flux-dependence observed here guided future experiments in which 60% photon flux 

was selected to produce transformation rates within experimentally reasonable times. 

5.4 Persistent metallicity in monoclinic VO2 from prolonged x-ray irradiation  

In the previous section, x-ray irradiation was shown to dramatically increase the rate of 

relaxation of the metastable conductive VO2-δ phase back to the insulating VO2 phase.  A more 

systematic evaluation of the relaxation dynamics can be made by examining the evolution of the 

diffraction pattern with higher time resolution. Figure 5-9 shows the full sequence of diffraction 

patterns collected with 1 s resolution for 109 minutes.  Each column of pixels in Figure 5-9 

represents the integration along the χ direction of the detector for each diffraction patter. The offset 

column on the left shows the integrated diffraction profile of a pristine VO2 region of the film and 

corresponds to the blue curves in Figs. 5-6 and 5-7. The inset black curve shows the simultaneously 

measured s-SNOM signal collected with the AFM probe coincident with the focused x-ray probe.     

Figure 5-8 Transformation rate 
dependence on x-ray photon flux. 
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There are several important features in the time-resolved diffraction and s-SNOM data in 

Figure 5-9 that occur within the first 40 minutes. First, the peak associated with the conductive 

VO2-δ phase, centered near 2θ = 27.3°, undergoes a continuous shift to higher 2θ angles within the 

first 40 minutes of x-ray irradiation. Concurrently, the peak associated with the insulating VO2 

phase grows in intensity with the same time-dependence until reaching the intensity of the pristine 

VO2 state. This evolution in the VO2-δ and VO2 peaks indicates a transformation from an 

electrically conductive state at t = 0 min. to an insulating state at t = 40 min., consistent with the 

time-dependent evolution of the s-SNOM amplitude within the same time range. At t = 40 min., 

the s-SNOM amplitude is below the background and matches the amplitude measured from 

pristine VO2 regions, indicating that the free-carrier concentration has been completely 

diminished.  

Figure 5-9 Time-resolved diffraction measurement at fixed Q. The offset column on the left 
shows the diffraction pattern in a pristine VO2 region. The left vertical axis shows the 
angular range spanned by the detector. The color scale on the right shows the pixel values. 
The inset black curve shows the normalized s-SNOM signal that measured simultaneously 
with the diffraction data. The minimum in the s-SNOM signal is zero.  
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Interestingly, the s-SNOM amplitude shows an initial enhancement with a rise time of 10 

minutes immediately following x-ray irradiation of the VO2-δ region. This initial enhancement of 

the optical reflectivity suggests that x-ray irradiation of VO2-δ activates multiple processes that 

effect the free-carrier concentration. This can be modeled as two processes: one is the relaxation 

of metallicity as oxygen vacancy concentration decreases, concurrent with the relaxation of the 

structural states. The other is the increase of metallicity as carrier concentration increases due to 

x-ray radiation. The graduate increase of the carrier concentration indicates a diffusion mechanism 

following an instantaneous ionization. This increase does not persist under x-ray illumination, 

evident by the full recovery of the insulating state at 40 min. This indicates that the carrier 

generation process is time dependent, strongly depending on the existing oxygen vacancy. As the 

oxygen vacancy concentration reduces, the carrier generation also retreats. These observation is 

consistent with a mechanism where the bonded oxygen vacancies can be ionized by the x-ray 

radiation and increase ionic mobility.  

Following the full relaxation of VO2-δ to the VO2 phase at 40 minutes, continued x-ray 

irradiation induces a new phase that is electrically conducting and structurally distinct from the 

VO2-δ phase that results from the initial patterning process. We note that this phase was not 

observed if the focused x-ray radiation is impact on the pristine VO2 film. Only regions with the 

E-field writing under prolonged high intensity x-ray radiation can results in such a phase. 

Therefore, this phase is a combination results of E-field writing and x-ray radiation. The kinetics 

of these phase transformations will be discussed in detail in the following section. 
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5.5 Kinetics of phase transformation between VO2-δ and VO2  

At least two distinct processes governing the transformations between the VO2-δ and VO2 

phases are evident in Figure 5-9. Within 40 minutes, there is a relaxation process as VO2-δ 

transforms back to VO2. After 40 minutes, a separate process drives the return of a new conductive 

state that is structurally similar to an oxygen deficient phase. To understand the time evolution of 

these states, the integrated diffracted intensities from regions of the detector that correspond to 

VO2 and VO2-δ are plotted as function of time. Figure 5-10 shows the fractional change in the time-

dependent integrated diffracted intensity for the two phases and the second harmonic of the s-

SNOM scattering amplitude which was simultaneously measured. The fractional change in the 

intensity arising from the VO2-δ phase is normalized to the intensity from the VO2 phase.  

The time-dependent curves exhibit two separate time regimes in which the trends in the 

diffraction and s-SNOM changes are distinct, indicating that two separate processes emerge when 

x-rays irradiate the VO2-δ region. The kinetics of the x-ray irradiation-induced phase switching 

between VO2-δ to VO2 are described well with the Johnson-Mehl-Avrami (JMA) model. The JMA 

model is typically invoked to describe solid-solid phase transitions that are isothermal and proceed 

Figure 5-10 Fractional changes in the time-
dependent integrated intensities of the VO2 (blue) 
and VO2-δ (black) phases and the s-SNOM 
scattering amplitude (green). 



119 
 

with time-independent kinetics.25-27 The kinetics describing changes in the volume fraction of a 

phase during transformation can be predicted in the framework of the JMA theory by 

𝐹R(𝑡) = 1 − exp(−𝑘𝑡9) 

Equation 5.2 

where 𝐹R(𝑡) is the volume fraction of phase a, t is the transformation time, and k and n are 

parameters that depend on the phase transformation mechanism. 25, 26 Assuming that the volume 

within the probed region is preserved, the volume fraction of the second phase is simply 

𝐹S(𝑡) = 1 − 𝐹R(𝑡). 

Equation 5.3 

The Avrami exponent n generally varies from 1 to 4 and is related to the dimensionality of the 

growing phases and the transformation mode. For transformations described with a JMA model 

using n = 1, the transformation is initiated at a 1-D nucleus and proceeds with a constant growth 

rate from the nucleus.26 For transformations that can be modeled with n = 2, the nucleation rate is 

constant and the growth is diffusion-limited. 28  

The time-dependent integrated diffracted intensity profiles in Figure 5-10 indicate multiple 

processes are occurring upon x-ray irradiation of the oxygen deficient phase. To determine the 

kinetics of the transformations, the fractional change in the integrated intensity from the VO2-δ 

phase is fit with a sum of two JMA equations that represent the disappearance of the VO2-δ phase 

within the first 40 minutes and the appearance of a second metallic phase beyond 40 minutes. The 

equation used to represent the simultaneous processes is 

𝐹UV$CD(𝑡) = exp	(−𝑘1𝑡9,) + (1 − exp(−𝑘#𝑡9$))	 

Equation 5.4 
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where the time-dependent fraction of the VO2-δ phase is 𝐹UV$CD(𝑡) and 𝑛1, 𝑛#, 𝑘1 and 𝑘# are fitting 

parameters corresponding to the two processes. Figure 5-11 shows the fractional change in the 

time-dependent integrated intensity from the VO2-δ phase fit with Eqn. 5.4. The fitting parameters 

are summarized in Table 5-1. In the first regime, the Avrami exponent is 2.4 ± 0.7, consistent with 

nucleation of the VO2 phase initiated at oxygen vacancy sites in the lattice. A diffusion-limited 

growth of the VO2 phase is also consistent with the diffusion of oxygen vacancies through the 

crystal to the free surface where they are annihilated. In the time regime beyond 40 minutes, a 

second transformation takes over with new kinetics. The transformation is described by the second 

part of Eqn. 5.4, or 𝐹UV$CD(𝑡) = 1 − exp(−𝑘#𝑡9$)	. The exponent n2 is approximately 0.6, which 

suggests a completely different transformation mechanism in comparison to the earlier time 

regime.  

Figure 5-5-11 Fractional change in VO2-δ 
diffracted intensity fit with the sum of two 
distinct JMA equations. 

Table 5-1 Values for n and k used to fit the Eqn. 5-2 to the integrated 
diffracted intensity profiles in Figure 5-8.  
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Values of n less than one have used to describe transformation kinetics in systems that possess 

a high concentration of inhomogeneously distributed nuclei.29 The creation of an inhomogeneous 

distribution of nuclei that precedes the growth of the second conducting phase could occur during 

the initial patterning process through the formation of defect clusters. 

5.6 Conclusion 

Strongly correlated insulators like VO2 can be driven between electrically insulating and 

conducting states using dynamic control of oxygen vacancies in epitaxial thin-films. Oxygen-

deficient structural states form with intense electric fields are applied across electrically insulating 

VO2 films, using either ionic liquid gating with in-plane electrodes or with biased conducting 

scanning probes. The latter method enables patterns of conducting VO2-δ to be patterned at-will on 

insulating VO2 films. Technical applications including neuromorphic computing, resistive 

switches and sensors have been envisioned from the development of conductive scanning probe 

lithography. Significant challenges remain, however, in the characterization and technological 

integration of the VO2-δ phase because it is metastable in air.  

In this Chapter, I have revealed the structural and electronic correlation of VO2-δ. I further 

demonstrated that the kinetics associated with the transformation between electrically conducting 

VO2-δ and insulating VO2 can be modified through illumination with high energy synchrotron x-

rays. Depending on the x-ray photon dose, the VO2-δ phase is transformed back the parent phase 

VO2 within 40 minutes of exposure to 11 keV photons when the photon flux is on the order of 

1011 photons/s. This relaxation process is initiated within seconds of exposure to x-ray photons, 

complicating structural and electronic characterization.  

To study the effect of x-ray irradiation on the transformation kinetics, I formed microscale 

patterns of conductive VO2-δ using a +10 V biased conductive AFM probe which depleted oxygen 
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from the VO2 phase, modifying the electronic band structure resulting in enhanced free-carrier 

concentrations. Using a combination of in situ x-ray nanobeam diffraction and scattering-type 

scanning near-field optical microscopy, I captured the time-resolved evolution in the crystal 

structure and optical properties associated with electronic conductivity in thin epitaxial layer of 

VO2 on Al2O3 substrates.   

Upon x-ray irradiation, the VO2-δ phase begins to transform back to the VO2 phase, reaching a 

nearly complete state of relaxation within 40 minutes. Further x-ray irradiation initiates a second 

set of processes by which a new conductive phase emerges. The structure of this new conductive 

phase is similar to a phase of oxygen depleted VO2-δ, with a key difference in the value of δ that 

produces a smaller out-of-plane strain.  

The kinetics of the transformations between the VO2 and VO2-δ phases are modeled with the 

JMA equation, using k and n as fitting parameters. The value of n gives insight into the 

transformation mechanism. The phase transformation that occurs within the first 40 minutes of x-

ray irradiation can be fit to a JMA equation with n = 2.4, indicating that the growth process of the 

new phase is diffusion-limited and initiated at 1-D nuclei. The second conductive phase that 

emerges after 40 minutes of x-ray irradiation has different kinetics that are associated with the 

growth from inhomogeneously distributed nuclei. The overall kinetics of the dynamic switching 

process between VO2-δ and VO2 are well-described by a sum of JMA equations with distinct 

exponents and rates constants, indicating that multiple processes are driving the structural 

transformation.    
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