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Abstract 

The crystallization of complex-oxide materials through a transformation from the 

amorphous to crystalline forms presents a range of new opportunities to synthesize new materials, 

and simultaneously poses important scientific challenges. New crystallization method 

complements more conventional vapor-phase epitaxy techniques for epitaxial complex-oxide thin 

film growth that involve long-range surface diffusion on 2D planar crystal surfaces. The vapor-

phase techniques are not readily adaptable to creating nanoscale epitaxial complex-oxide crystals. 

The alternative synthesis method described in this thesis is solid-phase crystallization, which is the 

crystallization of amorphous oxides, often in the form of thin films, by post-deposition heating. 

The creation of epitaxial complex-oxide nanostructures can facilitate their integration in 3D 

electronic, optoelectronic and ionic devices.  

Epitaxial complex-oxide crystals in intricate geometries can be created by solid-phase 

crystallization employing patterned substrates with a distribution of isolated crystalline seeds. This 

method requires the study of distinct crystal growth and nucleation kinetics on epitaxial and non-

epitaxial surfaces. Nanoscale seeded crystallization can be achieved by understanding the relative 

rates of nucleation and lateral crystal growth processes, and the role of seeds in determining the 

overall orientation of the resulting crystals. Epitaxial complex-oxide thin films in intricate 

geometries with an expanded range of compositions can be created by combining the use of atomic 

layer deposition (ALD) and solid-phase crystallization, with the development of new ALD 

procedures to deposit amorphous oxide films and the study of the subsequent crystallization 

processes to select the crystalline structures of the crystallized film. ALD itself allows for the 

conformal deposition of thin films over non-planar surfaces. 
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Solid-phase crystallization can also be used to deposit epitaxial complex-oxide thin films 

with a wider range of compositions, including those that cannot be deposited from the vapor phase 

at high temperatures. Such oxides include the oxides that have complex compositions and volatile 

components. The different kinetic constraints of solid-phase crystallization allow the epitaxial 

growth of those oxide thin films because of the slow diffusion in the solid state at relatively low 

crystallization temperatures.  

This thesis describes the discovery that, at low crystallization temperatures, epitaxial 

crystal growth of the model perovskite SrTiO3 on single-crystal SrTiO3 propagates over long 

distances without nucleation of SrTiO3 on Si with a native oxide. Two kinds of isolated nanoscale 

seed crystals are employed to study the seeded lateral crystallization of SrTiO3, yielding highly 

similar results. Micron-scale crystalline regions form surrounding the seeds before encountering 

separately nucleated crystals away from the seeds. Seed crystals play an important role in 

determining the orientations of the resulting crystals. New chemical precursors and ALD 

procedures were developed to grow amorphous PrAlO3 films. An epitaxial ɔ-Al 2O3 layer formed 

at the interface between the PrAlO3 film and (001) SrTiO3 substrate during the deposition. 

Epitaxial PrAlO3 films were achieved on (001) ɔ-Al 2O3/SrTiO3 by solid-phase epitaxy. The study 

of SrTiO3 and PrAlO3 is also applicable to a series of chemically and structurally similar functional 

ABO3 compounds.  

The concepts of solid-phase crystallization also apply to oxides with multiple metal ions 

and more complex crystal structure. The kinetic processes occurring during the crystallization of 

ScAlMgO4, on (0001) sapphire substrates are quite different at two different temperatures. 

Epitaxial ScAlMgO4 crystals grow through the film thickness at a crystallization temperature of 

950 ºC. Solid-state reaction and evaporation of the component Sc prohibits the formation of large 
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ScAlMgO4 crystals at a crystallization temperature of 1400 ºC. Low-temperature crystallization 

can be used to create epitaxial oxide thin films with complex compositions and volatile 

components.  
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Chapter 1: Motivation and introduction 

1.1 Motivation  and overview  

Complex oxides include a broad class of materials with a wide range of functionalities. To 

name a few, complex oxides exhibit thermoelectricity,1 ferroelectricity,2 magnetism,3 and high-

temperature superconductivity.4 Crystalline complex oxides in the form of nanostructures and 

three-dimensional structures exhibit promising thermal, electronic and optical properties that are 

modified by nanoscale size effects. Examples of the opportunities arising from nanoscale control 

over the composition and structural phase include the creation of materials with promising 

thermoelectric properties and reduced thermal conductivity,5-6 the interfaces exhibiting quantum 

electronic effects,7-8 and the structures for optical devices with higher efficiency.9 

Epitaxial complex-oxide thin films with a wide range of compositions have been routinely 

deposited by vapor-phase epitaxy techniques including thermal and electron-beam evaporation, 

molecular beam epitaxy, on- and off-axis sputtering and pulsed laser deposition (PLD).10 Lattice-

matched planar substrates are often used in those techniques to avoid the formation of defects 

induced by the difference between the lattice parameters of the thin film and the substrate.10 

Epitaxial oxide thin films deposited from the vapor phase are limited to two-dimensional 

geometries because of the line-of-sight transport of materials from sources to the planar substrates. 

Vapor phase epitaxy techniques also require the use of high substrate temperatures to 

induce long-range surface diffusion for the in situ growth of crystalline films.10 Some problems 

can arise during deposition at high substrate temperatures. One such problem occurs when one 

component of complex oxides forms volatile oxides at high deposition temperatures. A second 
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problem occurs when oxide thin films with other metastable compositions can exhibit phase 

separation at high temperatures, for example the formation of multiple phases in place of the 

desired single structural phase.  

An alternative thin film synthesis method that complements vapor-phase epitaxy is solid-

phase crystallization, which involves lower-temperature deposition process of the amorphous thin 

films and subsequent ex situ crystallization process. Because of the separation of deposition and 

crystallization processes, solid-phase crystallization faces different kinetic phenomena than vapor-

phase epitaxy techniques.  

The different kinetic constraints have the potential to allow deposition and crystallization 

of complex oxides in nanoscale intricate geometries. A patterned three-dimensional substrate part 

of which is composed of nanoscale crystalline seeds can be used to deposit the amorphous oxide 

films.11-12 Oxide thin films in the amorphous form can also be deposited using techniques that do 

not rely on maintaining line-of-sight during deposition. The crystalline structures of the 

crystallized films starting from the initially amorphous form can then be selected by understanding 

the crystallization surrounding the crystalline seeds and away from the seeds. 

The different kinetic constrains also allow solid-phase crystallization to be employed to 

avoid problems that can arise during deposition at high substrate temperatures. The compounds 

that have volatile components or other metastable compositions are first created in the amorphous 

form at low temperatures. The amorphous thin films are then by crystallized into crystalline 

structures with the same compositions by choosing crystallization conditions. On one hand, the 

diffusion of materials in the solid state is slow during crystallization. For example, the diffusion 

lengths of O and Al in solid Al2O3 are estimated to be less than 1 Å even for a relatively long 

crystallization time of 24 h at 1000 ºC.13 On the other hand, evaporation of volatile components 



3 

 

 

 

and phase separation can be avoided in crystallization by understanding the crystallization kinetics 

and carefully selecting the crystallization conditions. A few successful examples in the literature 

of using solid-phase crystallization include the growth of epitaxial oxide thin films of 

superconducting HgBa2CaCu2Ox and pyrochlore iridates with interesting magnetic properties 

despite the high volatility of Hg and Ir.14-15 

The topic of this thesis is about the study of solid-phase crystallization to create complex-

oxide thin films with intricate geometries and with new compositions. The possibility of creating 

complex-oxide thin films with intricate geometries was investigated by understanding the 

crystallization mechanisms and kinetics on substrate surfaces with distinct crystalline order, by 

studying the nanoscale control of the nucleation sites on a planar substrate, and also by exploring 

the deposition of amorphous oxide thin films that does not require the line-of-sight geometry. The 

creation of complex-oxide thin films with new compositions was investigated by studying the 

solid-phase crystallization of an oxide thin film with complex compositions that have volatile 

components and cannot be deposited using vapor-phase epitaxy. 

Amorphous oxide thin films can be created by a wide range of techniques at substrate 

temperatures that are lower than the crystallization temperatures of the amorphous oxides. The 

techniques include ion implantation into crystalline materials,16 sputter deposition,17-19 PLD,20 and 

atomic layer deposition (ALD).9,21 Among the techniques, sputter deposition was chosen to deposit 

amorphous oxide thin films for solid-phase crystallization in Chapters 2, 3 and 5, because a wide 

range of alloys and compounds with the desired compositions can be deposited with this method. 

The deposited films by sputtering are smooth, with high-purity, and have excellent uniformity on 

large-area substrates.22 The deposition of amorphous oxide thin films using ALD was particularly 

studied in Chapter 4 because ALD technique allows for precise control of the film thickness and 
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conformal deposition on high-aspect-ratio structures.23-25 Low-temperature deposition is often 

required in ALD resulting in amorphous films.23-25 The features of ALD technique are promising 

to study the crystallization amorphous oxide thin films in intricate geometries. 

The crystallization mechanisms of amorphous oxide thin films on different substrate 

surfaces are not straightforward and have not been well explored yet. Even for the crystallization 

of amorphous oxides on the single-crystal substrates with the same compositions, the resulting 

crystalline structures can be different depending on the polymorphs of oxides. Simple crystalline 

oxides with competing polymorphs can exhibit complex crystallization phenomena. The 

crystallization of amorphous Al2O3 on single-crystal Ŭ-Al 2O3 occurs by an initial transformation 

of amorphous Al2O3 to ɔ-Al 2O3 and a subsequent transformation to epitaxial Ŭ-Al 2O3.26-27 The 

crystallization of compounds without competing polymorphs proceeds via more straightforward 

processes. The crystallization of several ABO3 perovskite compounds SrTiO3 (STO), CaTiO3, and 

BaTiO3 on single-crystal substrates occurs through a planar motion of the amorphous/crystalline 

interface toward the sample surface during the crystallization process, resulting in an epitaxial thin 

film with the same phase and orientation as the substrate.16,27-31 This process is termed solid-phase 

epitaxy (SPE). SPE is a well-known process and extensively studied in semiconductors silicon and 

germanium.32-34  

STO was chosen as the subject of the crystallization studies described in Chapters 2 and 3 

of this thesis because of the experimental advantages arising from its simple-cubic symmetry and 

lack of competing polymorphic phases. STO was chosen also because it serves as a model system 

for perovskite oxides of technological interest and it has a wide range of functionalities. These 

functionalities include high dielectric permittivity,35 room-temperature ferroelectricity in 

nanoscale crystals,36 two-dimensional electron transport,8 superconductivity,7 and large 
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magnetoresistance and magnetic hysteresis at LaAlO3/SrTiO3 interfaces.37 Because STO and other 

perovskites have similar structural and chemical properties, it is likely that the growth kinetics of 

STO are applicable to the formation of structurally similar complex oxides on other crystalline 

substrates and in more complex geometries.  

1.2 Outline of thesis 

This thesis reports detailed studies of the crystallization of amorphous complex-oxide thin 

films and nanostructures in which the amorphous material is prepared by sputter deposition. The 

construction of a sputter deposition system for this project is described in section 1.3 of Chapter 

1. Several key X-ray diffraction techniques were employed in this thesis to characterize the 

structures of the amorphous and crystallized thin films.  Section 1.4 of Chapter 1 describes the 

grazing-incidence X-ray scattering technique which was used to measure the scattered X-ray 

intensity from amorphous oxide thin films through this thesis. Section 1.5 of Chapter 1 provides 

the details of the synchrotron X-ray nanobeam diffraction method which was used to obtain the 

local structural information of nanoscale materials. Section 1.6 of Chapter 1 introduces the 

experimental method of laboratory high resolution ɗ-2ɗ scans to study the epitaxial relationship 

between the epitaxially crystallized thin films and single-crystal substrates. 

The crystallization of amorphous oxides in intricate geometries requires the understanding 

of the relative rates of nucleation and growth on different substrate surfaces. Chapter 2 describes 

a systematic study of the distinct crystallization mechanisms and kinetics of STO on single-crystal 

(001) STO surfaces and Si surfaces with a native oxide, termed SiO2/Si. The key insight in this 

study is that the amorphous-to-crystalline transformation on the two surfaces is significantly 

different. The crystallization of amorphous STO on (001) STO occurs by SPE and the 
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crystallization of amorphous STO on SiO2/Si requires nucleation and growth. The distinct rates of 

nucleation and crystal growth allow amorphous STO to crystallize by SPE over long distances 

without nucleation on SiO2/Si at a relatively low crystallization temperature of 450 ºC. The study 

demonstrates the possibility of creating epitaxial STO crystals in intricate geometries using solid-

phase crystallization.  

Nanoscale control of the nucleation sites on a planar substrate is another way to create 

complex oxides in nanoscale intricate geometries. Chapter 3 describes the study of the lateral solid-

phase crystallization of an amorphous STO layer on an amorphous SiO2/Si substrate with 

nanoscale seed crystals. Two kinds of seed crystals with different compositions and structures were 

employed to study the seeded lateral crystallization of STO: isolated STO nanocrystallites with 

random crystallographic orientations and single-crystal (001) SrRuO3(SRO) nanomembranes. The 

lateral crystallization rates from both seeds are isotropic and are close to the vertical SPE growth 

rate of STO on (001) STO investigated using STO/STO homoepitaxy. The process in the 

amorphous phase instead of the process at the amorphous/crystalline interface determines the 

lateral crystallization rates. Micron-scale crystalline regions form surrounding the seeds before 

encountering separately nucleated crystals away from the seeds. Seed crystals play an important 

role in determining the orientations of the resulting crystals. This study points out to the 

opportunities of creating epitaxial complex-oxide nanostructures using seeded solid-phase 

crystallization.  

Epitaxial complex-oxide thin films in intricate geometries with an expanded range of 

compositions can be created by developing the deposition of their amorphous layers by ALD. 

Chapter 4 discusses the development of new ALD precursors and procedures for the deposition of 

amorphous lanthanide aluminate thin films, using PrAlO3 as an example, and the study of the SPE 



7 

 

 

 

growth of amorphous films on (001) STO. New chemical precursors that have the self-limiting 

growth mechanism were developed to grow amorphous PrAlO3 films by ALD. The as-deposited 

amorphous films are slightly Al-rich, but with constant Pr:Al ratios and without impurities. The 

crystallization kinetics of amorphous PrAlO3 films on SiO2/Si and (001) STO substrates is 

dramatically different. The as-deposited PrAlO3 films on amorphous SiO2/Si substrates remained 

amorphous even after heating at 1000 ºC for 8 h. Amorphous PrAlO3 films on crystalline (001) 

STO substrates grew epitaxially after crystallization at 800 ÜC for 3 h. Epitaxial ɔ-Al2O3 layers 

formed at the interfaces between the amorphous PrAlO3 films and the STO substrates during the 

growth by ALD. The interfacial layers play a key role in determining the crystalline structure of 

the crystallized PrAlO3 film. The epitaxial relationship of the crystallized film on STO was actually 

[001] PrAlO3 // [001] Al2O3 // [001] STO.  

Solid-phase crystallization can be employed to create epitaxial oxide thin films with a 

wider range of compositions, including the oxides that have complex compositions and volatile 

components so that their thin film form cannot be deposited with conventional vapor phase epitaxy 

techniques. Chapter 5 discusses the crystallization of amorphous ScAlMgO4 thin films created by 

sputter deposition on widely available (0001) sapphire substrates. The crystallization of 

amorphous ScAlMgO4 at a relatively low temperature of 950 ºC and at a relatively high 

temperature of 1400 ºC was studied and showed different results. Epitaxial ScAlMgO4 crystals 

throughout the film thickness formed on sapphire substrates after crystallization at 950 ºC for 10 

h. In contrast, a large amount of oriented MgAl2O4 crystals formed on sapphire substrates after 

crystallization at 1400 ºC for 30 min, because complicated processes occurred including 

evaporation of Sc, long-range diffusion of Sc and reaction with the sapphire substrate. This study 
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shows that crystallization at relatively low temperatures needs to be employed for the growth of 

epitaxial oxide thin films that have complex compositions and volatile components.  

1.3 Sputter deposition  

Sputter deposition was employed to deposit amorphous thin films of STO and ScAlMgO4 

described in Chapters 2, 3 and 5 of this thesis. Sputtering occurs through the bombardment of 

accelerated ions on the surface of a solid target, which is a momentum transfer process.19 

Magnetron sputtering has been used in this study because higher deposition rates can be achieved 

and glow discharge can be maintained at lower working gas pressures.22,38 Detailed reviews about 

sputtering processes and magnetron sputtering can be found in the literature.19,22,38-39  

A sputter deposition system was constructed in order to conduct the research projects 

described in this thesis. Figure 1-1 shows a schematic diagram of the sputter deposition system 

and Figure 1-2 shows the general layout of the system. The system is composed of four major 

components: vacuum pumps, sputter sources, power supplies, and the vacuum chamber.   

A rotary vane mechanical pump and a cryopump are used for the vacuum pumping. The 

mechanical pump (Leybold D30A Trivac) takes the chamber pressure down to be less than 100 

mTorr first. A lower pressure is achieved using the cryopump (CTI cryogenics 8200). A pressure 

of 10-6 torr or lower can be reached. A molecular sieve foreline trap was installed above the 

mechanical pump to avoid the backflow of oil into the chamber. A manual bellows sealed valve 

was installed above the foreline trap to isolate the mechanical pump and the chamber. A gate valve 

and an exhaust valve were installed between the chamber and the cryopump. The pressure inside 

the chamber can be adjusted by adjusting the opening of the exhaust valve. An in-line valve was 

installed between the mechanical pump and the cryopump, which is used for the regeneration of 
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the cryopump regularly. A chiller (Neslab CFT-75) is used to provide cooling water for the 

compressor of the cryopump and the sputtering sources. 

 

Figure 1-1. Schematic diagram of the sputter deposition system. 
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Figure 1-2. General layout of the sputter deposition system.  

Three magnetron sputtering sources (AJA A320) were installed on three flanges of the 

chamber. Detailed configuration of the sputtering source can be found in the manual.40 Figure 1-3 

shows a simplified schematic diagram of the magnetron sputtering process. The deposition 

processes described in this thesis used argon gas for the sputter deposition. Ar+ is generated by 

ionization of the Ar gas. The sputter deposition uses sources of material termed targets. The electric 

field makes the target a cathode and the substrate an anode. Ar+ bombards the cathode surface and 

sputters off target surface atoms or molecules. The sputtered atoms or molecules deposit on the 

substrate resulting in a thin film. A magnetic field can trap electrons close to the target surface, 

where more gas atoms can be ionized by the electrons. The sputtering rates and deposition rates of 

thin films are thus higher at a given working gas pressure using magnetron sputtering. Moreover, 

the glow discharge can be maintained at lower working gas pressures because of the higher 

ionization rates near the target surface.19,22,38-39 A radio frequency (RF) power supply is used to 

prevent positive ions Ar+ from building up on the surface of the insulating target.19,22,38-39  
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Figure 1-3. Simplified schematic diagram of magnetron sputtering process. The detailed 

configuration of the sputtering source including the ground shield and water cooling is not shown. 

The oxide targets for this sputtering source are 2ôô in diameter and 0.125ôô in thickness and 

are bonded to a raised copper backing plate for better thermal conductivity. In order to minimize 

target cracking, the RF power is slowly ramped up to, and down from, the desired operating power 

level. Special attention should be paid when installing the target inside the sputtering source. There 

must not be an electrical short-circuit between the cathode assembly and the ground shield. The 

spacing between the top of clamping ring and ground shield should be between 0.75 and 2 mm 

when the working pressure is less than 30 mTorr. A shutter is placed in front of the sputtering 

source, between the target and the substrate. At the initial stage of sputtering, the shutter is closed 

so that the impurities on target surface are not sputtered onto the substrate and the sputtering 

conditions can be stabilized.  

An RF power supply (Advanced Energy RFX 600 Generator) is used in this system to 

deliver power to the sputtering source. A matching network is used between the power supply and 

the sputtering source. The matching network can transform the impedance of the load to be 50 ɋ. 

The reflected power can thus be minimized, and the power delivered to the sputtering source can 
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be maximized. The frequency used for the RF power supply is 13.56 MHz. A gas pressure of 30 

mTorr and a power of 30 W is used to strike a plasma.  After the plasma is stable, the gas pressure 

and power can be adjusted to the desired values.  

The main vacuum chamber contains several flanges, three of which have sputtering sources 

installed. The chamber is 23 in. in diameter and 18 in. in height. The top plate of the chamber seals 

the chamber and can be raised to provide access to the sample holder and sputter guns. The 

substrate holder is attached to the center of the chamber top plate. The substrate holder is rotatable 

and can face each target individually. The position of the substrate holder relative to the center of 

the chamber is determined based on the target-substrate working distance. The deposition rate has 

approximately an inverse square relationship to the working distance.41 The working distance is 

recommended to be from 50 to 200 mm for the sputtering source of this system.40 The working 

distance of this system is 100 mm.  

Two pressure gauges are used to measure the pressure inside the chamber. An ion gauge is 

used to measure the base pressure of the vacuum, ranging from 10-4 to 10-9 Torr. A capacitance 

manometer (MKS Baratron 270, 0-1000 mTorr) is used to measure higher pressures in the chamber 

such as the working pressure during deposition. The working gasses for the sputtering processes 

used in this study consist of Ar or Ar/O2 mixture. Both Ar and O2 gases are introduced into the 

chamber through mass flow controllers with the measurement and control of the flow of gases.   

The detailed procedures for the use of this sputtering system are summarized in Table 1-1, 

including how to load a substrate, pump down the system, deposit a thin film and unload the 

deposited sample. The deposition conditions such as RF power and gas pressures described here 

are what used for the deposition of amorphous STO thin films. The deposition conditions vary 

depending on the materials that need to be deposited.  
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Table 1-1. Procedures for the use of the sputtering system to deposit amorphous STO thin films.   

Load a substrate:  

1) Turn off gate valve;  

2) Turn exhaust valve from 10 to 0;  

3) Turn on N2 backfill;  

4) Open N2 gas tank;  

5) Wait 5-10 min, then open chamber; 

6) Once chamber is open, close N2 gas tank and turn 

off N2 backfill;  

7) Load a substrate; Make sure the shutter of sputter 

source is closed;  

8) Rotate substrate holder to face sputter source;  

9) Close chamber. 

Pump down the system: 

1) Make sure N2 gas tank is closed and N2 backfill is 

off; Turn on the mechanical pump, wait for pressure 

gauge reaches 20 mTorr;  

2) Open manual valve;  

3) Turn on ñForepump to Chamberò;  

4) Wait for Baratron pressure to read 50 mTorr;  

5) Turn off ñForepump to Chamberò;  

6) Close manual valve;  

7) Turn off the mechanical pump;  

8) Turn exhaust valve from 0 to 10;  

9) Open gate valve;  

10) Make Sure the system starts pumping down. 

Deposit a thin film (conditions used for amorphous 

STO film deposition): 

1) Turn exhaust valve from 10 to 0 to fully close;  

2) Turn on ion gauge, turn ON filament, allow gauge 

to stabilize for a minute;  

3) Pressure should be about 2×10-6 Torr or less;  

4) Turn OFF filament, turn off ion gauge;  

5) Open Ar gas tank and open manual valve of Ar gas 

line; Open Ar mass flow controller (MFC), channel 

3 to AUTO (not open);  

6) Turn display value for MFC to 115-125 to get 

Baratron reading of 30.0 ± 0.1 mTorr;  

7) Turn on RF power (forward power should be 29 W 

and reflected power should be less than 5W. Check 

the problem if reflected power is larger than 5 W);  

8) Let plasma strike for 10 min;  

9) Adjust Ar gas flow to be 53-61 on display to get 

Baratron reading of 16.0-16.1 mTorr;  

10) Open O2 gas tank and open manual valve of O2 gas 

line; Turn on O2 MFC channel 3, should already be 

set at 24.9 on display;  

11) Ensure RF forward power is still 29 W;  

12) Pre-sputter for 10 min;  

13) Open shutter of sputter gun, record time;  

14) Allow to sputter for allotted time. 

Unload the deposited sample: 

1) Turn off RF power and close power supply;  

2) Close MFC of Ar and O2;  

3) Close Ar, O2 manual valves and gas tanks;  

4) Close shutter of sputter gun;  

5) Close gate valve between chamber and cryopump;  

6) Flow N2 gas to vent chamber;  

7) Open chamber, turn off N2 gas;  

8) Remove sample;  

9) Load a new substrate or pump down chamber 

without loading. 
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1.4 Grazing-incidence X-ray scattering  

X-ray scattering and diffraction techniques allow the study of the structure of amorphous 

thin films. The X-ray diffraction patterns of crystalline materials often exhibit Bragg reflections 

because of the long-range periodic structures of crystalline materials.42 Because amorphous 

materials do not have long-range translational order, no Bragg reflections will be observed for 

amorphous materials.42 The X-ray diffraction patterns of amorphous materials exhibit a broad 

single halo or a few broad halos with intensity maxima because amorphous materials have short-

range order.42-43 In the studies present in this thesis, lab-source grazing-incidence X-ray scattering 

was used to study the amorphous thin films.  

Grazing-incidence X-ray diffraction studies were conducted employing a Bruker D8 

Advance diffractometer with Cu KŬ radiation. The source power is 50 W and the X-ray wavelength 

is 1.54 Å. The scattered intensity was recorded using a two-dimensional area detector 

(VANTEC500). Figure 1-4 shows the lab-source grazing-incidence X-ray scattering geometry. A 

grazing incident angle of the X-ray beam was chosen, based on the beam width and sample size, 

to optimize the amorphous peak signal by maximizing the X-ray footprint on the sample surface. 

The introduction of a knife-edge into the measurement geometry dramatically increases the signal-

background ratio in the data because the knife-edge blocks scattered X-ray intensity from air at the 

small 2ɗ angles that are close to where the amorphous peak is expected to appear. The knife-edge 

was a wedge made of a nickel-based alloy that absorbs X-rays. As shown in Figure 1-4, the knife-

edge was placed directly above the middle of the thin-film sample between the X-ray source and 

the detector. The signal-background ratio is thus greatly increased in the resulting X-ray diffraction 

patterns.  
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The maximum signal from the thin film is obtained when the X-ray footprint on the sample 

surface is as large as the length of the thin film. The incident angle was thus chosen using the 

following equation: 

ίὭὲ
Ὠ

ὒ
 

Here, Ŭ is the grazing incident angle, d is the X-ray beam spot size, L is the length of the 

thin film. The center of the detector is positioned at a 2ɗ angle where the amorphous peak is 

expected to be. The X-ray beam spot size was 0.5 mm in the grazing-incidence X-ray scattering 

measurements of amorphous thin films in this thesis. 

Taking the samples in Chapter 2 as an example, the STO film deposited on a SiO2/Si 

substrate was 20 mm long and the STO film deposited on a (001) STO substrate was 9 mm long 

because the film length was limited by the substrate size. The incident angles for STO on SiO2/Si 

and STO on STO are thus 1.4º and 3.2º respectively. The investigated volume of materials is small 

because the deposited amorphous STO films are only 50 or 60 nm thick. A long exposure time 

was used for each measurement of 1800 s.  

Amorphous materials have only short-range order. The scattered X-ray intensity from 

amorphous materials come from the probability of finding a neighboring atom.42 The bond 

distance of Ti-O, Sr-O and O-O in STO is 1.94, 2.75 and 2.75 Å respectively.44 The highest 

scattered X-ray intensity from amorphous STO is expected to be located around 2ɗ=32Ü based on 

the bond distances. The area detector has a large opening angle of 32º. The center of the detector 

is positioned at 2ɗ=30Ü, which is enough to capture the broad amorphous peak.  
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Figure 1-4. Lab-source grazing-incidence X-ray scattering geometry to characterize amorphous 

thin films. Blue part represents a thin-film sample.  

The grazing-incidence X-ray diffraction method is a key tool for the projects described in 

this thesis. This method is valuable for people to study sub-micron amorphous thin films more 

widely. This method can be used to identify whether amorphous materials exist in a thin-film 

sample even when the sample also has crystalline phases. Standard powder X-ray diffraction 

measurements only measure Bragg reflections from the crystalline phases that have strong 

intensities. This method measures the relatively weak intensities from amorphous materials. This 

method can also be used to study the amorphous-to-crystalline phase transformation inside the thin 

film. The rates of amorphous-to-crystalline phase transformation are known based on the rates of 

decrease of the scattered X-ray intensity from amorphous materials. Chapter 2 gives an example 

how the kinetics of amorphous-to-crystalline phase transformation can be quantitatively studied 

using this method.   
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1.5 X-ray nanobeam diffraction  

Chapter 3 describes how a-few-nanometer thick STO or tens-of-nanometer thick SRO seed 

crystals can be employed to template the crystallization of an amorphous STO layer. Structural 

characterization of the nanoscale seed crystals is important to study their roles in determining the 

crystalline structures of the crystallized STO film. The resolved local characterization of the 

structures of the locally crystallized STO on top of or laterally away from the seed crystals is also 

required.  

The hard X-ray nanoprobe at station 26-ID-C of the Advanced Photon Source at Argonne 

National Laboratory provides a tightly focused X-ray beam that can be used for structural studies 

of nanoscale materials.45 The photon energies of X-ray beam in this beamline can range from 3 to 

30 keV.46 By using Fresnel zone plate X-ray focusing optics, together with sensing and motion 

controls, the X-ray nanobeam reaches a focal spot size as small as 30 nm.46 The X-ray beam focal 

spot size is largely determined by the outermost zone width of the zone plate, which is 24 nm in 

this case.46 The details of the working mechanisms of Fresnel zone plates can be found 

elsewhere.47-48  

Figure 1-5 shows a diagram of the focused X-ray nanobeam diffraction geometry. The 

center stop is used to block the transmitted X-rays and the order sorting aperture is used to block 

the unfocused and secondary X-rays. Only the first order focus of the beam arrives at the sample. 

In the experiments described in Chapter 3, the samples were mounted in a vacuum chamber and 

all measurements were conducted with a horizontal scattering geometry. A hybrid pixel array 

detector (LynX 1800 Medipix 3RX) was used to record the scattered X-ray intensity. The detector 
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has 516 × 516 pixels with an area effectively consisting of a stripe with a width of 4 pixels as a 

dead gap between quadrants in the middle of the detector. The pixel size is 55 µm.  

Chapter 3 includes two sets of experiments using the hard X-ray nanoprobe. For studies of 

the structures of the SRO nanomembranes and the vertically crystallized STO film on top of the 

SRO nanomembranes, an X-ray nanobeam with a photon energy of 9 keV (l=1.3776 Å) and a 

focal spot size of 50 nm were used. In another set of experiment using the geometry described in 

Figure 1-5, the X-ray nanoprobe was used to obtain structural information of the widely dispersed 

nanoscale STO seed crystals deposited on part of the SiO2/Si substrates, employing an X-ray 

nanobeam with a photon energy of 10 keV (l=1.2398 Å) and a focal spot size of 30 nm. 

 

Figure 1-5. Focused X-ray nanobeam diffraction geometry to obtain structural information of the 

nanoscale STO seed crystals deposited on part of the SiO2/Si substrates. 

1.6 Laboratory thin -film ɗ-2ɗ scan  

The epitaxial growth of amorphous thin films on top of single-crystal seeds or substrates 

was probed using laboratory high resolution ɗ-2ɗ scans, which measure the scattered X-ray 

intensity along the out-of-plane direction of the single-crystal seeds or substrates. 
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For the epitaxial growth of an amorphous STO film on top of the (001)-oriented SRO 

nanomembrane described in Chapter 3, a ɗ-2ɗ scan was conducted along the sample normal 

direction using PANalytical XôPert MRD with monochromatic Cu KŬ1 radiation at l=1.5406 Å. 

ɗ-2ɗ scans along the sample normal direction were employed to study both the epitaxial 

relationship between the crystallized PrAlO3 films and the (001) STO substrates described in 

Chapter 4, and the epitaxial relationship between the crystallized ScAlMgO4 films and the (0001) 

sapphire substrates described in Chapter 5. Those ɗ-2ɗ scans in Chapter 4 and Chapter 5 were 

measured with a PANalytical Empyrean diffractometer equipped with Cu KŬ1 radiation (ɚ = 

1.5406 Å) at a generator voltage of 40 kV and emission current of 40 mA.  
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Chapter 2: Distinct nucleation and growth kinetics of amorphous 

SrTiO 3 on (001) SrTiO3 and SiO2/Si: A step toward new architectures 

2.1 Introduction   

Solid-phase crystallization can be applied to create complex-oxide thin films in complex 

geometries by crystallizing layers on a patterned 3D substrate, part of which is composed of 

crystalline seeds.1-2 The eventual use of crystallization to create complex geometries requires 

understanding the propagation of a crystal growth front from a crystalline seed and nucleation 

either within the amorphous material or at interfaces that do not act as crystalline seeds.  

This chapter describes the crystallization kinetics of amorphous SrTiO3 (STO) layers 

deposited on planar single-crystal (001) STO substrates that can serve as crystalline seeds. The 

results of crystallization experiments using STO substrates contrast with the crystallization kinetics 

of STO on amorphous substrates that do not act as crystalline seeds. The amorphous surfaces 

employed in this study are widely commercially available SiO2/(001) Si substrates.  

STO was selected in this study because of the reasons introduced in Chapter 1. The 

crystallization of STO on single-crystal (001) STO substrates occurs through SPE, the motion of 

a smooth amorphous/crystalline interface toward the surface.3 The kinetics of SPE in STO have 

been probed in amorphous layers created by ion implantation,3-4 sputter deposition,5 and pulsed-

laser deposition,6 revealing that interface velocities are thermally activated and that a planar 

interface is preserved. The crystallization mechanisms of the amorphous STO layers created by 

different methods on (001) STO are the same.  
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Although the amorphous STO layers created by different methods on (001) STO all 

crystallize by SPE, previous studies show that the rates of crystallization of STO on (001) STO 

can be affected by many effects including the creation method of amorphous STO layers, the 

annealing temperature range, the annealing environment and the possible impurities in the 

amorphous layers. 

A key feature of the previous studies of the crystallization of amorphous STO layers is that 

the overall rate of crystallization depends slightly on the methods that have been used to create the 

amorphous layers.  For example, amorphous STO layers created by ion implantation on (001) STO 

can fully crystallize by SPE at relatively lower temperatures of 270 ï 550 °C.3 Amorphous STO 

layers created by sputter deposition on (001) STO, however, can only fully crystallize by SPE at 

relatively higher temperatures of 400 ï 800 ºC.5 The annealing environment of both studies were 

in air.3,5 The crystallization kinetics are different partially because of the different 

amorphous/crystalline interface microstructures in the different methods.5 This variation in the rate 

of crystallization leads to some uncertainty regarding the velocity of interfaces between the 

amorphous layers and the substrates.  

The crystallization processes of amorphous STO on (001) STO are more complex at a 

temperature higher than 800 ºC, where motion of the amorphous/crystalline interface by SPE is 

accompanied by nucleation of crystals in the region of the film far from the interface.5 The 

annealing environment also plays an important role in determining the crystallization rates of 

amorphous STO on (001) STO.4,7-8 The crystallization rates of amorphous STO created by ion 

implantation at temperatures of 265 to 430 ºC increase by more than one order of magnitude when 

the annealing environment includes water vapor, because hydrogen provided by the water vapor 
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serves as a catalyst in the crystallization of STO.4 The activation energy required for the 

crystallization of STO, however, does not change in the different annealing environments.4,9 

 A previous crystallization study of another oxide system Al2O3 shows that the impurities 

in the amorphous layers can also affect the crystallization rates.9 For example, the presence of Fe 

in the amorphous Al2O3 film increases the crystallization rates of Al2O3 significantly.9  

In contrast to the SPE growth of STO on single-crystal STO, much less is known about 

crystal nucleation process or rates of nucleation of amorphous STO on amorphous SiO2/Si 

substrates that do not provide crystalline templates for epitaxial growth of STO. The rates of 

nucleation of amorphous STO on SiO2/Si were studied at the annealing temperatures at which STO 

on single-crystal STO crystallizes epitaxially by SPE. Because many effects discussed above can 

affect the rates of nucleation and growth, a systematic study of comparing the rates of nucleation 

and growth on the two substrates is required, with the other conditions the same.  

The amorphous-to-crystalline transformation is dramatically different on the (001) STO 

and SiO2/Si substrates, as shown schematically in Figure 2-1. A series of structural studies 

demonstrated that the crystallization of amorphous STO on a (001) STO substrate occurred by 

SPE, shown in Figure 2-1(a). Starting from an as-deposited amorphous STO layer on a (001) STO 

substrate, indicated by step (i), the crystallization occurs through the motion of the 

amorphous/crystalline interface toward the sample surface as shown in steps (ii) and (iii). The 

thickness of the amorphous layer gradually decreases. The amorphous STO layer is eventually 

fully crystallized and transforms into an epitaxial STO layer on the (001) STO substrate as shown 

in step (iv). In contrast, Figure 2-1(b) shows the different crystallization process of amorphous 

STO on a SiO2/Si substrate, which proceeded by nucleation and growth. With an as-deposited 

amorphous STO layer on a SiO2/Si substrate shown in step (i), the amorphous structure with a 
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probably different arrangement is persistent for a certain time before nucleation of STO crystals, 

described by step (ii). Step (iii) shows the polycrystalline nucleation and growth of STO crystals 

inside the amorphous STO layer. The amorphous STO layer eventually transforms into a 

polycrystalline STO layer on the SiO2/Si substrate as shown in step (iv).  

 

Figure 2-1. (a) Schematic of the crystallization of amorphous STO on (001) STO substrates by 

SPE: (i) as-deposited amorphous STO layer, (ii and iii) crystallization of STO through the motion 

of the amorphous/crystalline interface toward the surface, and (iv) fully crystallized epitaxial STO 

thin film. (b) Schematic of the crystallization of amorphous STO on SiO2/(001) Si substrates by 

nucleation and growth: (i) as-deposited amorphous STO layer, (ii) persistence of the amorphous 

structure, (iii) polycrystalline nucleation and growth of STO crystals, and (iv) fully crystallized 

polycrystalline STO thin film. 

The crucial insights from this study are that there is a difference in the crystallization 

kinetics of amorphous STO thin films deposited on the two substrates and the scaling of these rates 

is favorable for the formation of epitaxial crystals in complex geometries. The temperature 

dependence of the nucleation and growth processes for STO crystals allows the effective activation 

energy for nucleation of crystalline STO from an amorphous STO layer to be measured.  The 

activation energy for nucleation is higher than the activation energy for the motion of the 

amorphous/crystalline interface. It thus is particularly important to consider crystallization at low 

temperatures, approximately 450 C̄ in the present study, where the rates of crystal growth for 
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STO on STO and rates of nucleation for STO on SiO2/Si are significantly different and favor the 

growth of large epitaxial STO crystals even in the presence of interfaces with SiO2/Si. 

 

2.2 Nucleation on amorphous substrates 

2.2.1 Nucleation process 

The nucleation process of STO on SiO2/Si hasnôt been reported in the literature. Studies of 

nucleation processes of other simple amorphous oxides indicate that the nucleation involves both 

atomic-scale and larger-scale processes that are different from the SPE growth process. Molecular 

dynamics simulations of another oxide material Al2O3 show that nucleation involves a set of 

atomic-scale processes, in which the local structure with a short-range order rearranges into the 

metal-oxygen coordination favorable for crystal formation.10 The building block of amorphous 

Al 2O3 is mainly composed of slightly distorted (AlO4)5- tetrahedron with a short-range order.10-11 

This calculated amorphous structure is similar to the surface structure of the metastable crystalline 

phase ɔ-Al 2O3 at room temperature.10 Al atoms in the stable crystalline phase Ŭ-Al 2O3 are 

octahedrally coordinated.12 This might be the reason why amorphous Al2O3 transforms to ɔ-Al 2O3 

phase first before evolving into Ŭ-Al2O3 phase in the crystallization process of amorphous Al2O3.10 

Larger-scale processes within the amorphous form can also have an important role in the 

nucleation process. The evolution of TiO2 nanostructures in ALD follows a path from amorphous 

layers to amorphous particles to metastable crystallites and ultimately to stable crystalline forms.13 

The atomic-scale processes in nucleation thus differ from the atomic-scale processes in the SPE 

growth involving the motion of amorphous/crystalline interface, and can be expected to have a 
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different activation energy. The difference in the temperature dependence of nucleation and crystal 

growth can be exploited to find regimes favoring crystal growth and limiting nucleation. 

2.2.2 Nucleation kinetics 

The kinetics of nucleation process is particularly important in determining the annealing 

conditions under which STO polycrystals do not nucleate at locations far from the 

amorphous/crystalline interface. In classical nucleation theory, the nucleation process is the 

formation of crystals with super-critical size from crystalline clusters with sub-critical size.14 When 

a crystal has a size smaller than the critical size, a further increase of the size of the particle requires 

more energy. When a crystal has a size larger than the critical size, the further increase of the size 

of the particle will release energy.15 In the process of forming a nuclei with a size greater than the 

critical size, the temperature dependence of the rates of nucleation can be described by an 

Arrhenius equation: ὯὝ ὯÅØÐ  in which k0 is a temperature-independent pre-

exponential factor and E is the effective activation energy for nucleation, kB is the Boltzmann 

constant and T represents temperature.15   

In a system with finite size, the probability P that one nucleation event occurs within time 

t in volume V is:16 

ὖ ρ Ὡὼὴ Ὧὠ ὸ 

Equation 2-1 

Equation 2-1 can be rewritten as: 

ὸ
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ρ
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Equation 2-2 



29 

 

 

Here k is the nucleation rate, which has the Arrhenius temperature dependence mentioned 

above. The nucleation of the crystalline phase occurs when a large number of nuclei have formed 

to reach a certain probability P0. From Equation 2-2, because 
■▪

╟

╥
 is a positive number, the time 

t required to reach a given probability P0 is proportional to 1/k. The reciprocal of the time 1/t is 

thus proportional to k. Because k follows the Arrhenius temperature dependence, 1/t required for 

nucleation is also thermally activated with an Arrhenius temperature dependence. In our analysis 

below, for the nucleation process of STO on SiO2/Si, the nucleation time is denoted as t* . The 

reciprocal of the nucleation time (1/t*) thus has an Arrhenius temperature dependence. 

2.3  Experimental details 

STO substrates (Shinkosha Co., Ltd.) were purchased with one side polished. TiO2 

terminated-surfaces were prepared before growth by an annealing and deionized (DI) water 

treatment.17-18 Substrate preparation employed a three-step process that consisted of annealing at 

1000 °C for 1 h, sonicating the substrates in DI water to dissolve superficial strontium oxide that 

resulted from the first anneal, and annealing again at 1000 °C for 1 h. The STO substrates were 

then sonicated in acetone, isopropyl alcohol (IPA), methanol and DI water, for 2 min in each 

solvent. Unlike the STO substrates, the (001) Si substrates were not subjected to additional 

processing steps prior to solvent cleaning. This preserved the native SiO2 layer on which 

amorphous STO was deposited. 

Amorphous STO films were deposited by on-axis radio-frequency magnetron sputter 

deposition onto substrates held at room temperature, conditions that are expected to yield 

amorphous layers.5,19 Prior to depositing the amorphous STO films, the sputter-deposition vacuum 

chamber was evacuated to 2 ³ 10-6 Torr. STO layers were grown at a total pressure of 18 mTorr 
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with an Ar:O2 pressure ratio of 9:1. STO was deposited at a rate of 15 nm h-1 to total thicknesses 

of approximately 60 nm. The precise thickness of each as-deposited film was measured using X-

ray reflectivity (XRR). 

During the crystallization process, samples were inserted into a preheated three zone tube 

furnace (Lindberg/MPH). Separate experiments were conducted to know the heating rate of the 

sample. A thermocouple was used to measure the temperature of the surface of a Si wafer with the 

thermocouple wire attached to the surface of the wafer. The Si wafer was put in the middle zone 

of the furnace where other samples were heated. The wafer reached a temperature 50 ̄C below the 

nominal temperature in less than 300 s. A temperature 5 ̄ C less than the nominal temperature was 

reached in 600 s. The shortest reported time at 550, 650 and 600 C̄ is 300 s, thus there is some 

uncertainty in the reported temperature for these samples, which we have not explicitly considered 

in the analysis. All annealing and crystallization experiments were conducted in still air.  

The transmission electron microscopy (TEM) cross-sectional specimens were 

prepared with a focused ion beam lift-out process. An electron-beam assisted carbon protective 

layer was deposited on the sample surface before its exposure to the Ga ion beam in order to 

prevent surface damage. High-resolution TEM imaging was conducted using a Tecnai TF-30 

transmission electron microscope operated at 300 keV.  

Grazing-incidence X-ray diffraction measurements were conducted for STO on STO and 

STO on SiO2/Si to study the amorphous STO scattered X-ray intensities. The experimental details 

were introduced in Section 1.4 of Chapter 1. The crystallization kinetics of STO on STO and 

SiO2/Si substrates were compared by analyzing the time evolution of the X-ray scattering intensity 

at a series of annealing temperatures. Integrating the 2D detector images along the scattering ring 
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azimuthal angle provide measurements of the scattered intensity as a function of 2ɗ. The total X-

ray intensity scattered from amorphous STO was obtained by the following steps: (i) subtracting 

the scattering pattern of a bare substrate and (ii) integrating the difference over the 2ɗ range from 

24° to 30°. The upper limit of integration was set at 30° to avoid the (110) STO peak at 32° in thin 

films deposited on SiO2/(001) Si.  

XRR data were collected using a Panalytical XôPert MRD with monochromatic Cu KŬ1 

X-ray radiation at a wavelength of 1.5406 Å. XRR data shown in Figures. 2-5 and 2-6 were 

interpreted using the interdiff model of the GenX software package.20 A simpler interpretation of 

XRR results based on a measurement of the mean of the fringe spacings was used to determine the 

initial thickness in growth rate results derived from X-ray scattering in Figure 2-4. 

2.4 Crystallization on different surfaces 

2.4.1 Distinct crystallization mechanisms  

The as-deposited STO layers on both STO and SiO2/Si substrates exhibited grazing-

incidence X-ray scattering patterns consistent with an amorphous thin film, as in Figures 2-2(a) 

and (b). The slight difference in the intensities of the scattering patterns in Figures 2-2(a) and (b) 

arises from the different X-ray incident angles, and thus illuminated volumes, for STO on STO 

(incident angle 3.2º) and STO on SiO2/Si (1.4º). The crystallization of STO on the (001) STO 

substrate results in the disappearance of the amorphous scattering signal without the appearance 

of polycrystalline diffraction rings. Figure 2-2(c) shows the X-ray scattering pattern of the same 

STO film shown in Figure 2-2(a) following annealing at 650 °C for 5 min, a temperature and 

duration yielding full crystallization of the film. 



32 

 

 

TEM provides further evidence of the crystallization of STO on STO by SPE. The TEM 

measurements were conducted by Dr. Yingxin Guan during her work as a PhD student in Professor 

Thomas Kuechôs group at University of Wisconsin-Madison. Annealing an as-deposited 

amorphous film at 600 ºC for 32 min results in full crystallization, as shown by the cross-sectional 

high-resolution TEM images in Figure 2-3(a). The images were obtained from a <100>-oriented 

cross-sectional specimen and show lattice fringes with spacing that is consistent with <001> 

oriented STO. The image with a larger field of view includes the sample surface, at which there is 

no interlayer between the amorphous carbon and the crystallized STO layer, indicating that the 

STO layer has fully crystallized under this condition. The orientation of the lattice fringes is 

constant throughout the entire crystallized layer and identical to the substrate. These observations 

are consistent with the expectation that the layer is epitaxial and that the crystallization of STO on 

STO occurs via SPE.  
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Figure 2-2. Grazing-incidence X-ray scattering patterns of (a) amorphous STO on (001) STO and 

(b) amorphous STO on SiO2/(001) Si, with a ring of scattering from amorphous STO at 2ɗ = 29.5.̄ 

Scattering patterns of crystallized STO on (c) (001) STO and (d) SiO2/(001) Si. Rings of powder 

diffraction intensity appear 2ɗ angles of 22.8Á, 32.3Á, and 39.8Á arising from the (100), (110), and 

(111) reflections of polycrystalline STO appear following crystallization on SiO2/(001) Si.  

 

Figure 2-3. High-resolution TEM micrographs of fully crystallized STO films on (a) (001) STO 

and (b) SiO2/(001) Si substrates. 

For STO on SiO2/(001) Si, heating transforms the amorphous layer into a nanocrystalline 

microstructure. Figure 2-2(d) shows the X-ray scattering pattern of a crystallized STO thin film 

after annealing at 650 °C for 18 min, exhibiting a series of powder diffraction rings arising from 

(100), (110) and (111) reflections of STO. The integrated intensities of the (100) and (111) 

reflections are 3.3% and 19.8% of the intensity of the (110) peak, respectively. The peak positions 

and ratios of peak intensities agree with the powder X-ray diffraction pattern of STO,21 indicating 
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that the STO crystals form on SiO2/(001) Si in random orientations. The (100), (110) and (111) 

reflections have angular widths of 0.8̄, 1.2̄ , and 1.5̄, respectively, giving crystal sizes of 11 nm, 

7 nm and 6 nm, respectively, based on Scherrerôs formula. The X-ray reflections of STO thin films 

on SiO2/(001) Si crystallized at lower temperatures, from 450 °C to 600 °C, have similar angular 

widths and relative intensities. The 10 nm size of the STO crystals is much smaller than the total 

film thickness of approximately 60 nm. The small STO crystal size, even after the completion of 

crystallization indicates that nucleation for STO on SiO2/(001) Si occurs within the volume of the 

film and is not limited to the free surface or to the STO/SiO2 interface. 

The crystallized STO layer on SiO2/(001) Si substrate is shown in the high-resolution TEM 

image in Figure 2-3(b) for a STO layer with an initial thickness of 61 nm heated to 600 °C for 36 

min. The image was obtained from a Si <110>-oriented cross-sectional specimen. The spacing of 

the fringes is 2.76 Å, which matches the spacing of {110} planes in STO and is indicative of the 

local orientation of the crystallized STO. A high-resolution image of one STO nanocrystal within 

the layer exhibits lattice fringes with a misorientation of 11° with respect to the Si substrate. Other 

domains containing {110} crystal planes, with different angular orientations with respect to Si, 

were also observed in the high-resolution TEM analysis. Figure 2-3(b) shows a high-resolution 

TEM image in which a STO single lattice orientation is apparent across the entire image. The 

crystalline domain size in Figure 2-3(b) is on the order of tens of nanometers, which is larger than 

the mean value of the crystal size, determined from the widths of STO X-ray reflections. The 

difference between crystal sizes estimated with these methods can arise from inhomogeneity in the 

grain size of the polycrystalline STO. 
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2.4.2 Distinct crystallization kinetics  

  Insight into the kinetic mechanism of crystallization can be obtained by examining the 

structure of partially crystallized STO layers. The evolution of the scattered X-ray intensity for an 

amorphous STO layer on (001) STO for a series of crystallization times at 600 °C is shown in 

Figure 2-4(a). The data shown in Figure 2-4(a) were acquired in a series of separate heating steps, 

each of which was followed by X-ray scattering characterization. The integrated intensity of the 

scattering feature arising from amorphous STO is shown as a function of heating time for annealing 

temperatures from 450 °C to 650 °C in Figure 2-4(b). The intensity of scattering arising from 

amorphous STO decreases continuously with increasing annealing time.  

The intensity in the angular range of scattering from the amorphous layer is slightly higher 

than the background intensity even at long annealing times, an effect that is accounted for in the 

analysis below. We hypothesize that this difference, which is on the order of 10-30% of the total 

intensity of the scattering from the amorphous layer, may arise from small differences in the run-

to-run alignment of the sample on the X-ray diffractometer, the formation of very small 

crystallites, or scattering from surface contamination accumulated during processing. 
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Figure 2-4. (a) Grazing-incidence X-ray scattering intensity for an STO film deposited on (001) 

STO and annealed at 600 °C in a series of steps with the indicated total duration. The curves 

represent as-deposited (red), partially crystallized (blue), and fully crystallized (purple) layers. 

Scattering intensity from the bare STO substrate (black) is shown for comparison. (b) Integrated 

X-ray intensity from the amorphous STO as a function of annealing time at temperatures of 450 

°C, 550 °C, 600 °C, and 650 °C. The lines indicate the fit used to determine the 

crystalline/amorphous interface velocity at each temperature. (c) Growth velocities determined 

using the data shown in (b) (squares) and growth velocity at 600 °C determined using XRR 

(triangle). The line is a fit to determine the effective activation energy. 

The growth velocity for crystallization of STO on (001) STO via SPE was determined 

using the rate of decrease of the scattered X-ray intensity from the amorphous layer. The X-ray 

intensity scattered from amorphous STO, I, can be modelled as I = C x(t) + DI. Here C is a constant 

set by the incident X-ray intensity, the scattering per unit volume from the amorphous layer, 

detector parameters, and beam footprint on the sample surface; x(t) is the thickness of the 

amorphous layer at time t, and ȹI is the non-zero intensity of X-rays scattered from the fully 

crystallized film. The velocity v of the amorphous/crystalline interface is determined using ὺ
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. The constant C can be obtained by comparing the initial and final states, ὅ
Ў

, 

where x0 is the initial thickness of the amorphous STO film and I0 is the initial scattered intensity 

of the as-deposited film. The growth velocity, v, is then: 

     ὺ       

Equation 2-3 

The growth velocities found by applying Equation 2-3 are plotted as a function of temperature in 

Figure 2-4(c). Velocities range from 0.6 nm min-1 at 450 °C to 12.3 nm min-1 at 650 °C. The 

velocity of 1.7 nm min-1 at 500 ̄C has the same order of magnitude as the value of 3.7 nm min-1 

that can be inferred from the previously reported time required to crystallize a sputter-deposited 

STO film at the same temperature.5 The differences between the rate reported here and the value 

from the literature are discussed in more detail below. 

Previous studies of SPE of STO, as well as Si, SiGe, and other semiconductors have found 

that the growth velocity at temperature T can be described by an Arrhenius temperature 

dependence given by ὺὝ ὺὩ Ⱦ .3,20 Here Ea is the effective activation energy for the 

processes determining the velocity, v0 is a velocity prefactor. A fit of this expression to the growth 

velocities reported in Figure 2-4(c) for the temperature range from 450 °C to 650 °C gives an 

activation energy of 0.7 eV.  

The activation energy for the interface velocity reported here is in reasonable agreement 

with the value of 0.77 eV observed for the crystallization of amorphous STO produced by ion 

implantation.3 Other reported activation energies range from 1.0 eV in an H2O atmosphere to 

approximately 2.1 eV in vacuum.4 The activation energy for the SPE growth of STO on (001) STO 

depends on the gas ambient during annealing and the sample preparation method. Hydrogen, 



38 

 

 

provided by the dissociation of water molecules at the surface, penetrates the amorphous layer to 

the amorphous-crystalline interface to increase the crystallization rate of amorphous STO. The 

crystallization velocity increases at a higher concentration of diffusing hydrogen at the interface 

and the process requires a lower activation energy.4,8 The amorphous STO films deposited by 

sputtering have different crystallization rates than the films prepared by ion implantation at a few 

annealing temperatures.5 The differences in activation energy and velocity reported here may thus 

arise from sensitivity to the ambient atmosphere during crystallization or the different sample 

preparation method. 

XRR studies provide further support for the conclusion that the crystallization of STO on 

(001) STO occurs through the motion of a planar amorphous/crystalline interface by SPE. Figure 

2-5(a) shows XRR curves for an amorphous STO layer on a STO substrate for a series of annealing 

times at 600 °C. The XRR curve fit employed a two-layer model consisting of an amorphous STO 

layer on a uniform underpinning layer consisting of the STO substrate and crystallized STO layer. 

The densities of amorphous STO and crystalline STO were constrained in the range 4.2 ° 0.1 g 

cm-3 and at 5.1 g cm-3, respectively, based on their literature values.4,15,22 Thickness and root-mean-

square (rms) roughness parameters for reflectivity curve fits are shown in Table 2-1. It is apparent 

from the XRR study that the amorphous layer thickness decreases continuously as a function of 

time during crystallization, as in Figure 2-5(b). 
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Figure 2-5. (a) XRR measurements of as-deposited amorphous STO on STO (orange) and after 

annealing at 600 °C for 5 min (purple), 15 min (green), 25 min (blue), and 35 min (red). Black 

lines show calculated reflectivity curves using the parameters given in the text. The intensity of the 

annealed samples has been shifted vertically to allow the curves to be distinguished. (b) 

Amorphous STO layer thickness, derived from the fringe spacing in XRR data, as a function of 

annealing time at 600 °C. 

The velocity determined from the rate of amorphous/crystalline interfaces motion in Figure 

2-5(b) is 0.8 nm/min, which is slightly less than the value deduced from the X-ray scattering data 

(1.9 nm/min), but consistent with the overall temperature dependence of the crystallization 

velocity. The discrepancy in crystallization front velocities for these two samples can be explained 

by a combination of random and systematic errors: temperature variation by several °C in the 

furnace can result in a velocity variation of 0.5 nm/min by applying the Arrhenius relationship, 

and the magnitude of ȹI, as discussed earlier with respect to Equation 2-3, can influence the 

velocity as much as 0.2 nm/min. The continuously decreasing thickness and the constant roughness 

of the STO interface are signs of crystallization at a planar amorphous/crystalline interface. 

 

 

 






























































































































































































































