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Abstract

The crystallization of complegxide 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 vayptrase epitaxy techniques fguitaxial complexoxide thin
film growth that involve longrange surface diffusion on 2D planar crystal sww$ad he vaper
phase techniques amnet readily adaptable to creating nanoscale epitaxial corgxiebe crystals.

The alternative synthesis method described in this thesis ig@al&k crystallization, which is the
crystallization of amorphousxides, ofen in the form othin films, by postdeposition heating.
The creation of epitaxial complexide nanostructures can facilitate their integration in 3D

electronic, optoelectronic and ionic devices.

Epitaxial complexoxide crystalsin intricate geometriesan be created by soljthase
crystallization employingatterned substratesth a distribution of isolatedrystalline seedsThis
method requires thetudy ofdistinct crystal growttand nucleatiokinetics on epitaxial and nen
epitaxial surfacesNanogale seeded crystallization can be achieved by understaheinglative
rates of nucleation arldteral crystal growth processes, ahd role of seeds in determining the
overall orientation of the resulting crystalSpitaxial complexoxide thin films h intricate
geometries with an expanded rangeahpositions can be created by combining the use of atomic
layer deposition (ALD) and solighase crystallizatignwith the development of new ALD
procedures to deposit amorphous oxide films drastudy of the subsequent crystallization
processes$o select the crystalline structures of the crystallized fioD itself allows for the

conformal deposition of thin films over ngodanar surfaces.



Solid-phase crystallization can also be used to deposit epitataplexoxide thin films
with a wider range of compositions, including those that cannot be deposited from the vapor phase
at high temperatureSuch oxides include the oxides that have complex compositions and volatile
components. The different kinetaonstraints of soligphase 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 crystatizatemperatures, epitaxial
crystal growth of the model perovskite SriGn singlecrystal SrTiQ propagates over long
distances without nucleation of SreEOn Si with a native oxid&wo kinds of isolated nanoscale
seed crystalare employed to study treeeded lateral crystallization of SrEiQielding highly
similar results. Ntron-scale crystalline regions forsurrounding the seed®fore encountering
separately nucleated crystadsvay from the seedsSeed crystals play an important role in
determinng the orientations of the resulting crystalslew chemical precursors and ALD
procedures were developed to grow amorphous RrAID | ms . A nAl@spayet farmead a | )
at the interface between the PrAl@m and (001) SrTi@ substrate during the deposition.
Epitaxial PrAIGf i | ms wer e a cAl0£LSYTOdby solidph@ade epitaxylhe study
of SrTiOs and PrAlQ s also applicable to a series of chemically and structurally similar functional

ABO3 compounds.

The corepts of soligphase crystallization also apply to oxides with multiple metal ions
and more complex crystal structure. The kinetic processes occurring during the crystallization of
ScAIMgOs, on (0001) sapphire substrates are quite different at two ditféesmperatures.
Epitaxial SCAIMgQ crystals grow through the film thickness at a crystallization temperature of

950 °C. Solidstate reaction and evaporation of the component Sc prohibits the formation of large



il
ScAIMgOs crystals at a crystallization tempgree of 1400 °C. Lowemperature 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 thermoelectrititgtroelectricity? magnetisnt, and high
temperature superconductivityCrystalline complex oxides in the form afanostructures and
threedimensionaktructuresexhibit promisingthermal, electronic and optical properties that are
modified by nanoscale size effedExamples of the opportunities arising from nanoscale control
over the composition and structural phase include the creationatdrials with promising
thermoelectric properties and reduced thermal conductifitiie interfaces exhibiting quantum

electronic effect$® andthe structures fooptical devices with higher efficiendy

Epitaxial complexoxide thin films with a wide range of compositions have been routinely
deposited by vapegphase epitaxy techniques including thermal and eledteam evporation,
molecular beam epitaxy, eand offaxis sputtering and pulsed laser deposition (P°’Dhattice-
matched planar substrates are often used in those techniques to avoid therfaoimdéfects
induced by the difference between the lattice parameters of the thin film and the stbstrate.
Epitaxial oxide thin films deposited from the vapor phase are limited tedimensional

geometries because of the hoksight transport of materials from sources to the planar substrates.

Vapor phase epitaxy techniques also require the use of high substrate temperatures to
induce longrange surface diffusion for thie situ growth of crystalline films:® 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



problem occurs when oxide thin films witfther 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 vapase epitaxys solid
phase crystallization, which involves lowtemperature deposition process of the amorphous thin
films and subsequemix situcrystallization process. Because of the separation of deposition and
crystallization processes, scihase crystallizadn 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 patterneddimeasional subgstte part
of which is composed of nanoscale crystalline seeds can be used to deposit the amorphous oxide
films.*12 Oxide thin films in the amorphous form can also be deposited using techniques that do
not rely on maintaining linef-sight during deposition. The crystalline structures of the
crystallized films starting from the initially amorphous form can then betseléy understanding

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

The different kinetic constrains also allow setidase crystallization to be employed to
avoid problems that can arise during deposition at high substrafgeraturesThe 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 compositidnschoosing 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 ADs are estimated to be less than 1 A even for a relatively long

crystallization time of 24 h at 1000 €0n the other hand, evaporation of volatile components



and phase separation can be avoided in crystallization by understanding the crystallization kinetics
and carefully selecting the crystallization conditioAsew successful examples in the literature

of using solidphase crystallization include the growth of epitaxial oxide thin films of
superconducting HgB&aCuOx and pyrochlore iridates with interesting magnetic properties

despite the high votdity of Hg and Ir}4%®

The topic of this thesis is about the study of splidse crystallization to create complex
oxide thin films with intricate geometries and with new compositions. The possibility of creating
complexoxide thin films with intricate geometries was investigated by understanding the
crystallization mechanisms andhk&tics 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 thefisight geomey. The
creation of complexxide 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 valpase 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 includ®n implantation into crystalline materidisputterdepositiont*° PLD,?° and
atomic layer depositin (ALD). %2 Among the techniques, sputter deposition was chosen to deposit
amorphous oxide thin films for solghase 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 {gghty, and have excellent uniformity on
large-area substratéd The deposition of amorphous oxide thin films using ALD was particularly

studied in Chapter 4 because ALD technigllewsfor precise control othe film thickness and



conformal @position on highaspectratio structure$*?® Low-temperature depositiois often
required in ALD resulting in amorphous fili%2° 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 &iereint substrate
surfaces are not straightforward and have not been well explored yet. Even for the crystallization
of amorphous oxides on the singlg/stal substrates with the same compositions, the resulting
crystalline structures can be different degi@g on the polymorphs of oxides. Simple crystalline
oxides with competing polymorphs can exhibit complex crystallization phenomena. The
crystallization of amorphous ADs on singlec r y s-Al#D4 occUrs by an initial transformation
of amorphous A0z to o-Al20zanda s ubsequent tr ansA@:FfMANei on
crystallization of compounds without competing polymorphs proceeds via more straightforward
processes. The crystallization efveral ABQ perovskite compounds SrTi@STO), CaTiQ, and
BaTiOs on singlecrystal substrates occurs through a planar motion of the amorphous/crystalline
interface toward the sample surface during the crystallization process, resulting in an epitaxial thi
film with the same phase and orientation as the sub3f&t . This process is termed solhase
epitaxy (SPE)SPE is a wetknown process and extensively studied in semiconductors silicon and

germaniun?34

STO was chosen as the subject of the crystallizatiatiefudescribed in Chapters 2 and 3
of this thesis because of tegperimental advantages arising from its sirqalbic symmetry and
lack of competing polymorphic phas&l O was chosen also becausseitves as a modgystem
for perovskiteoxides of techwlogical interest andt has awide range of functionalitiesThese
functionalities include high dielectric permittivity> roomtemperature ferroelectricity in

nanoscale crystal¥ two-dimensional electron transpdrt,superconductivity, and large



magnetoresistance and magnetic hysteresis at L#0Q0: interfaces’’ Because STO and other
perovskiteshave similar structural and chemical properties likely that the growth kinetics of
STO are applicable to the formation of sturally similar complex oxides on other crystalline

substrates and imore complexgeometries.

1.2 Outline of thesis

This thesis reports detailed studies of the crystallization of amorphous ceoxplexthin
films and nanostructures in which the amorphousenwsdtis 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 Xay diffraction techniques were employed in this thesis to characterize the
structures of theamorphous and crystallized thin films. Section 1.4 of Chapter 1 describes the
grazingincidence Xray scattering technique which was used to measure the scattesgd X
intensity from amorphous oxide thin films through this thesis. Section 1.5 of CAaptevides
the details of the synchrotron-pdy nanobeam diffraction method which was used to obtain the
local structural information of nanoscale materials. Section 1.6 of Chapter 1 introduces the
experiment al met hod o f2 d asbmoatudytthe eppaxial relgtionshipe s ol u

between the epitaxially crystallized thin films and singfgstal substrates.

The crystallization of amorphous oxides in intricate geometries requires the understanding
of the relative rates of nucleation and growthdifferent substrate surfac&hapter 2 describes
a systematic study of the distinct crystallization mechanisms and kine8¢©adn singlecrystal
(001) STO surfaces and Si surfaces with a native oxide, termed it he key insight in this
study s that the amorphots-crystalline transformation on the two surfaces is significantly

different. The crystallization of amorphous STO on (001) STO occurs by SPE and the



crystallization of amorphous STO on SiSi requires nucleation and growth. The distirates of
nucleation and crystal growth allow amorphous STO to crystallize by SPE over long distances
without nucleation on SiflSi at a relatively low crystallization temperature of 450 °C. The study
demonstrates the possibility of creating epitaxiBOSrystals in intricate geometries using solid

phase crystallization.

Nanoscale control athe nucleation site®n a planar substrate another way to create
complex oxides in nanoscalgricategeometriesChapter 3 describes the study of the lateral solid
phase crystallization of an amorphous STO layer on an amorphoutSiSgDbstrate with
nanoscale seed crystalsvo kinds of seed crystals with different compositions and struciuses
employed tostudy the seeded lateral crystallization 9105 isolatedSTO nanocrystallites with
random crystallographic orientations and singigstal (001) SrRueSRO)nanomembrane3he
lateral crystallization rates from both seeds are isotropic and are clogeviertical 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. iRton-scale crystallineagions formsurrounding the seedsefore
encountering separately nucleated crystalay from the seedSeed crystals play an important
role in determiningthe orientations of the resulting crystal$his study points out to the
opportunities of creatingepitaxial complesoxide nanostructures using seeded sphdse

crystallization.

Epitaxial complexoxide 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 Peral®an exampl@nd the study of the SPE



growth of amorphous films on (001) STRew chemical precursotbiat have the selfmiting

growth mechanism were developed to gaworphous PrAl@films by ALD. The asdeposited
amorphous films are slightly Aich, but with constant Pr:Al ratios and without impurities. The
crystallization kinetics of amorphous P2l flms on SiQ/Si and (001) STO substrates is
dramatically differentThe asdeposited PrAl®@films on amorphous Si¢I5i substrates remained
amorphous even after heating at 1000 °C for 8 h. Amorphous Pflsi@3 on crystalline (001)

STO substrates grew epitaxially afAl@slayecsr yst al
formed at the interfaces between the amorphous Rrifli@s and the STO substrates during the

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

the crystallized PrAl&¥film. The epitaxial relationship of the crystallized film on STO was actually

[001] PrAICs // [001] Al:Oz // [001] STO.

Solid-phase crystallization can be employed teate 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 dissses the crystallization of amorphous ScAIMgtn films created by
sputter deposition on widely available (0001) sapphire substrates. The crystallization of
amorphousScAIMgOs at a relatively low temperature of 950 °C and at a relatively high
temperatee of 1400 °C was studied and showed different results. Epitaxial ScAldMyg&als
throughout the film thickness formed on sapphire substrates after crystallization at 950 °C for 10
h. In contrast, a large amount of oriented Mghlcrystals formed on sapire substrates after
crystallization at 1400 °C for 30 min, because complicated processes occurred including

evaporation of Sc, longange diffusion of Sc and reaction with the sapphire substrate. This study



shows that crystallization at relatively loemiperatures 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 ScAIMgO
described in Chdprs 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 8rocess.
Magretron sputtering has been used in this study because higher deposition rates can be achieved
and glow discharge can be maintained at lower working gas pre$sti@stailed reviews about

sputtering processes and magnetron sputtering can be found in the litE& .

A sputter deposition system was constructed in order to conduct the research projects
described in this thesis. Figurellshows a schematic diagram of the sputter deposition system
and Figure 12 shows the genar 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 D3 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° torr or lower can be reached. A molecular sieve foreline wap 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 clhagalbenalve
and an exhaust valve were installed between the chamber and thenspyd'he pressure inside
the chamber can be adjusted by adjusting the opening of the exhaust valvédinarvailve was

installed between the mechanical pump and the cryopump, which is used for the regeneration of



the cryopump regularly. A chiller (Ne&€laCFT-75) is used to provide cooling water for the

compressor of the cryopump and the sputtering sources.

AdA Sputter Gun

H AJA Sputter Gun Matching Network
Sample Stage

MFC 2

L pky et —{ )

Advanced Energy
Power Generator

Cryopump | 1~

Rotary Vane Pump

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 speting sources (AJA A320) were installed on three flanges of the
chamber. Detailed configuration of the sputtering source can be found in the Mdigate 13
shows a simplified schematic diagram of the magnetron sputtering process. The deposition
processes described finis thesis used argon gas for the sputter depositionisAyenerated 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 anbéenflrards 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 da@ 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 ghfdhe hi
ionization rates near the target surf&t@3%2° A radio frequency (RF) power supply is uded

prevent positive ions Arfrom building up on the surface of the insulating tat§&t3®3°
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— Substreate holder
Substreate

Magnetic field lines
— Target

— Permanent magnets
Cu cathode

- RF power

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 sourc
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 dawm the desired operating power
level. Special attention should be paid when installing the target inside the sputtering source. There
must not be an electrical shaitcuit between the cathode assembly and the ground shield. The
spacing between the topp damping 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, thesshosted
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 soar@ matching network is used between the power supply and
the sputtering source. The matching network c

The reflected power can thus be minimized, and the power delivered to the sputtering source can
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be maimized. 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 claber 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 smuttEBhegun
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 tangfestrate working distance. The deposition rate has
approximately an inverse square relationship to the working distaite working distance is
recommended to be from 50 to 200 mm for the sputtering source of this $93teenworking

distance of this system is 100 mm.

Two pressug gauges are used to measure the pressure inside the chamber. An ion gauge is
used to measure the base pressure of the vacuum, rangingCffam 10° Torr. A capacitance
manometer (MKS Baratron 270,1@00 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/@ixture.Both Ar and Q 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 inTable 1
including how to load aubstrate, 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.



Table :1. Procedures for the use of the sputtering system to deposit amorphous STO thin films.
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Load a substrate:

1) Turn off gate valve;

2) Turn exhaust valve from 10 to O;

3) Turn on N backfill;

4) Open N gas tank;

5) Wait 510 min, then open chamber;

6) Once chamber is open, close §as tank and turi
off N2 backfill;

7) Load a substrate; Make sure the shutter of sp
source is closed,;

8) Rotate subtrate holder to face sputter source;

9) Close chamber.

Pump down the system:

1) Make sure Mgas tank is closed and, Hackfill is
off; Turn on the mechanical pump, wait for press
gauge reaches 20 mTorr;

2)

3)

4)

5)

6)

7)

8)

9)

10) Make Sure the system starts pumping down.

Open manual valve;

Turn on AForepump to
Wait for Baratron pressure to read 50 mTorr;
of f

Close manual valve;

Turn AForepump to
Turn off the mechanical pump;
Turn exhaust valve from 0 to 10;

Open gate valve;

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 gau
to stabilize for a minute;

3) Pressure should be about 2*1brr or less;

4) Turn OFF filament, turn off io gauge;

5) Open Ar gas tank and open manual valve of Ar
line; Open Ar mass flow controller (MFC), chanr
3 to AUTO (not open);

6) Turn display value for MFC to 11525 to get
Baratron reading of 30.0 + 0.1 mTorr;

7) Turn on RF power (forward power should 9 W
and reflected power should be less than 5W. CH
the problem if reflected power is larger than 5 W

8) Let plasma strike for 10 min;

9) Adjust Ar gas flow to be 581 on display to ge

Baratron reading of 16-06.1 mTorr;

10) Open Q gas tank and open maal valve of Qgas
line; Turn on @ MFC channel 3, should already
set at 24.9 on display;

11) Ensure RF forward power is still 29 W;

12) Presputter for 10 min;

13) Open shutter of sputter gun, record time;

14) Allow to sputter for allotted time.

Unload the deposited sample
1)
2)
3)
4)
5)
6)
7)
8)
9)

Turn off RF power and close power supply;
Close MFC of Ar and @

Close Ar, Q manual valves and gas tanks;
Close shutter of sputter gun;

Close gate valve between chamber and cryopu
Flow N; gas to vent chamber;

Open chamber, turn off Myas;

Remove sample;

Load a new substrate or pump down chan
without loading.
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1.4 Grazing-incidence Xray scattering

X-ray scattering and diffraction techniques allihe studyof the structure of amorphous
thin films. The X-ray diffraction patterns of crystalline materials often exhibit Bragg reflections
because of the loaginge periodic structures of crystalline materfal8ecause amorphous
materials do not have lormgnge translational order, no Bragg reflections will be observed for
amorphous materig*? The X-ray diffraction patterns of amorphousaterials exhibit a broad
single halo or a few broad halos with intensity maxima because amorphous materials have short
range ordef?*3In the studies present in this thesis;$mlirce grazingncidence Xray scattering

was used to study the amorphous thin films.

Grazingincidence Xray diffraction studies were conducted employing a Bruker D8
Advance diffractometer with Cu KU-raywaddleagthi on .
is 1.54 A. The scattered intensity was recorded using adimensional area dettor
(VANTEC500). Figure 14 shows the lalsource grazingncidence Xray scattering geometry. A
grazing incident angle of the-pay beam was choselpased on the beam width and sample size,
to optimize the amorphous peak signal by maximizingdray footprint on the sample surface
The introduction of a knifedge into the measurement geometry dramatically increases the signal
background ratio in the data because the kedifge blocks scatteredpdy intensity from air at the
smal | 2 d a rogeltoawberettie amorphaousepeak ik expected to appear. Thedapfe
was a wedge made of a nickedsed alloy that absorbsrdys. As shown in Figure-4, the knife
edge was placed directly above the middle of thefihmhmsample between the-Kay sourceand
the detector. The sigrbckground ratio is thus greatly increased in the resultirmyXliffraction

patterns.
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The maximum signal from the thin film is obtained when theyXfootprint on the sample
surface is as large as the length of the tHm.fiThe incident angle was thus chosen using the

following equation:
e Q2
i Q¢ |+
0

Here Uis the grazing incident angld,is the Xray beam spot sizé, is the length of the
thin film. The center of the detector is pos
expected to be. The-Kay beam spot size was 0.5 mm in the gramegdence Xray scattering

measurements of amorphous thin films in thissis.

Taking the samples in Chapter 2 as an example, the STO film deposited o/& SiO
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 incidées &mgSTO on SigSi
and STO on STO are thus 1.4° and 3.2° 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 shoshge order. The scatteredrXy intensity from
amorphous materials come from the probability of finding a neighboring “4tdine bond
distance of HO, SFO and GO in STO is 1.94, 2.75 and 2.75 A respectivélifhe highest
scattered Xay intensity from amorphous STO is expected to betleeal ar ound 2d=320U
the bond distances. The area detector has a large opening angle of 32°. The center of the detector

is positioned at 2d=30U, which is enough to c
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Knife-edege

Figure 1-4. Labsource grazingncidence Xray s@ttering geometry to characterize amorphous
thin films. Blue part represents a thiiim sample.

The grazingincidence Xray diffraction method is a key tool for the projects described in
this thesis. This method is valuable for people to studynsicbon amorphous thin films more
widely. This method can be used to identify whether amorphous materials exist irfiamthin
sample even when the sample also has crystalline phases. Standard peageatifaction
measurements only measure Bragg reflectionsnfthe 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 amorptemasystalline phase transformation inside the thin
film. The ratesof amorphougo-crystalline phase transformation are known based on the rates of
decrease of the scattereerdy intensity from amorphous materials. Chapter 2 gives an example
how the kinetics of amorphous-crystalline phase transformation can be quatngly studied

using this method.
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1.5 X-ray nanobeam diffraction

Chapter 3 describes howf@wv-nanometer thick STO or teied-nanometer thick SRO seed
crystals can be employed to template the crystallization of an amorphous STO layer. Structural
characteration 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 laterallyyafn@m the seed crystals is also

required.

The hard Xray nanoprobe at station-2B-C of the Advanced Photon Source at Argonne
National Laboratory provides a tightly focuseda§¢ beam that can be used for structural studies
of nanoscale materiat8 The photon energies of-day beam in this beamline can range from 3 to
30 keV#® By using Fresnel zone plate-rdy focusing optics, together with sensing and motion
controls, the Xray nanobeam reaches a focal spot size as small as %$0rhm X-ray beam focal
spot size is largely determined by the outermost zone width of the zone plate, which is 24 nm in
this cas€® The details of the working mechanisms of Fresnel zone plates can be found

elsewherd’48

Figure 15 shows a diagram of the focuseeray nanobeam diffraction geometry. The
center stop is used to block thartsmitted Xrays and the order sorting aperture is used to block
the unfocused and secondaryrays. 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
al measurements were conducted with a horizontal scattering geometry. A hybrid pixel array

detector LynX 1800 Medipix 3RX was used to record the scattereda) intensity. The detector
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has 516 x 516 pixels with an area effectively consisting of a stijpea width of 4 pixels as a

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

Chapter 3 includes two sets of experiments using the haay Xanoprobe. For studies of
the structures ahe SROnanomembranes and the veatly crystallized STO film on top of the
SROnanomembranes, an-tdy nanobeam with a photon energy of 9 kKg¥1.3776 A)and a
focal spot size of 50 nm were used. In another set of experiment using the geometry described in
Figure 15, the Xray nanoprob was used to obtain structural information of the widely dispersed
nanoscale STO seed crystals deposited on part of th#SEi€bstrates, employing an-ray

nanobeam with a photon energy of 10 K&¥1.2398 A)and a focal spot size of 30 nm.

Focused X-ray nancbeam 30 nm

detector
order-sorting
aperture

center stop (black)
Fresnel zone plate
(yellow)

STO seed crystals
on Si0,/Si substrate

Figure 1-5. Focused Xay nanobeam diffraction geometry to obtain structural information of the
nanoscale STO seed crystals deposited on part of thESsEDbstrates.

1.6Laboratory thin-f i |-2nd ds c a n

The epitaxial growth of amorphous thin films on top of sirglestal seeds or substrates
was probed wusing | aBdar astcoarnys , hiwhhi crhe snoehgust ui roen

intensity along the owf-plane direction of the singlerystal seeds or substrates.



19

For the epitaxial growth of an amorphous STO film op bf the (001priented SRO

nanomembrane descr i2lde ds ciam Qaasptceornddi,ct@ddal on

direction using PANmbyockabdmaabdason deINERIBA wi t h

d2d scans al ong drdcton seee nemploged toostudyabbth the epitaxial
relationship between the crystallized PrAlfdms and the (001) STO substrates described in

Chapter 4, and the epitaxial relationship between the crystallized ScAlg®and the (0001)

sapphire substat es descri bed -2dr sCchaanpst eirn 5Ch alphtoesre 4d a

measured with a PANalytical Empyrean diffractometer equipped witilK@Gur a d i at i on

1.5406A) 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

SrTiOson (001) SrTiGs and SiOY/Si: A step toward new architectures

2.1 Introduction

Solid-phase crystallizationan be applied toreate complexxide thin films incomplex
geometries by crystallizing layers on a patter@&dsubstrate, part of which is composed of
crystalline seeds? The eventual use of crystallization to create complex geometries requires
understanding the propagation of a crystal growth front fromystadline 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 S(&00D) layers
deposited on planar singteystal (001) STO <astrates 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 irthis study are widely commercially availal3&./(001) Sisubstrates.

STO was selected in this study because of the reasons introduced in Chafiter 1.
crystallization of STO on singlerystal (001) STO substrates occurs through SPE, the motion of
a snooth amorphous/crystalline interface toward the surfaldee kinetics of SPE in STO have
been probed in amorphous layers created by ion implantstigmytter depositionand pulsed
laser depositiofi,revealing that interface velocities are thermally activated and that a planar
interface is preservedhe 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 keyers, t
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 sliglthythe methods that have been used to create the
amorphous layers. For exammejorphous STO layers created by ion implantation on (001) STO
can fully crystallize by SPE at relatively lower temperature27fi 550°C.2 Amorphous STO
layers created by sputter deposition on (001) STO, however, can only fully crystallize by SPE at
relatively higher temperatures of 40B00°C.° The annealing environment of both studies were
in air3> The crystallization kinetics are different partially chese of the different
amorphous/crystalline interface microstructures in the different me®fidnds variation in the rate
of crystllization leads to some uncertainty regarding the velocity of interfaces between the

amorphous layers and the substrates.

The crystallizationprocesse®f amorphous STO on (001) STO armre complex aa
temperaturdnigher than 800C, where motion of ta amorphous/crystallinexterface by SPE is
accompanied by nucleation of crystals in the region of the film far from the intériue.
annealing environment also plays an important role in determining the crystallization rates of
amorphous STO on (001) ST The crystallization rates of amorphous STO created by ion
implantation at temperatures of 265 to 430ncrease by more than one ordemafgnitude 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 $TThe activation energy required for the

crystallization of STOhoweverdoes not change in the different annealing environnfénts.

A previous crystalliation study of another oxide system®4 shows that the impurities
in the amorphous layers can also affect the crystallizationY&@sexample, therpsence of Fe

in the amorphous AD:s film increases the crystallization rates ob@®4 significantly?®

In contrast to the SPE growth of STO on siagigstal STO, much less is known about
crystal nucleation process or rates of nucleation of amorphous STO on amorphei® SiO
substrates that do not provide crystalline templates for epitaxial growth of STO. The rates of
nucleation of amorphous STO on $i8i were studied at the annealing temperatures at which STO
on singlecrystal 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

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

The amorphouso-crystalline transformation is dramatically different on {881) STO
and SiQ/Si substrates, as shown schematically in Figehe A series of structural stues
demonstrated that the crystallization of amorphous STO on a (001) STO substrate occurred by
SPE, shown in Figure-2(a). Starting from an adeposited amorphous STO layer on a (001) STO
substrate, indicated by step (i), the crystallization occurs throtigg 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 epi&XSTO layer on the (001) STO substrate as shown
in step (iv). In contrast, Figure ®Bb) shows the different crystallization process of amorphous
STO on a Si@Si substrate, which proceeded by nucleation and growth. With-dapasited

amorphous STO lar on a Si@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 andlgd@TO crystals
inside the amorphous STO layer. The amorphous STO layer eventually transforms into a
polycrystalline STO layer on the SiSi substrate as shown in step (iv).

(a) (i) (ii) (iii) (iv)

Amorphous STO Epitaxial Crystallized STO

S
» %% 5 L
% %8 v T ¥ " 0

Si Substrate

Figure 21. (a) Schematic of the crystallization of amorphous ST@0&1) STO substrates by
SPE (i) as-deposited amorphous ST&yer, (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 thergstallization of amorphouSTO on Si@(001) Si subsates by
nucleation and growth: (i) adeposited amorphous STO layer, (ii) persistence of the amorphous
structure, (iii) polycrystalline nucleation and growth of STO crystals, and (iv) fully crysthllize
polycrystalline STO thin film.

The crucial insight from this study arehat there is a difference in the crystallization
kineticsof amorphous STO thin films depositedtbetwo substrateand the scaling of these rates
is favorable for the formationfoepitaxial crystals in complex geometries. Tieenperature
dependence @henucleation and growth processes for STO crystiédsvsthe effective activation
energy for nucleation of crystalline STO from an amorphous STO taybe measured. The
activaion energy for nucleatioms higher than the activation enerdyr the motion of the
amorphoukrystallineinterface. It thus is particularly important to consider crystallization at low

temperatures, approximately 450 in the present study, where théemof crystal growth for
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STO on STO andates ofnucleation for STO on SiZ5i are significantly different and favor the

growth of largeepitaxialSTO crystals even in the presence of interfaces Sith/Si.

2.2 Nucleation on amorphous substrates

2.2.1Nucleation process

The nucleation process of STO on ZiC5 | hasndét been reported ir
nucleation processes of other simple amorphous oxides indicate that the nucleation involves both
atomicscale and largescale processes that aiéferent from the SPE growth processolecular
dynamics simulations a@other oxide mateal Al2Os show that nucleation involves a set of
atomicscale processes which the local structure with a shoginge order rearranges into the
metatoxygen coordination favorable for crystal formati8The building block of amphous
Al203 is mainly composed of slightly distorted (AKY tetrahedron with a sherange ordet®!?
This calculated amorphous structure is similar to the surface structure of the metastable crystalline
p h a sA420s @t room temperaturé. A | atoms in the stAbilae cryst
octahedrally coordinateld.This might be the reason why amorphousQAlt r an s f éAQas t o 9
phase first b eM0sphasea thedrystallimagon process of &morphoe®Al
Largerscale processes within the amorphous form can also have an importaim thke
nucleation procesd he evolution of Ti@nanostructures in ALD follows a path from amorphous
layers to amorphous particles to metastable crystallites and ultimately to stable crystalliné forms.
The atomiescale processas nucleation thus differ from thatomicscale processes the SPE

growth involving the motion of amorphous/crystalline interfaamed 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 alygtowth and limiting nucleation.

2.2.2Nucleation 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 interda. In classical nucleation theory, the nucleation process is the
formation of crystals with suparitical size from crystalline clusters with sahtical size!*When
a crystal has a size smaller than the critical size, a further increase of the size of the patrticle requires
more energyWhen a crystal has a size larger than the critical size, the further increase of the size
of the particle will release enerd¥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’QY QA @D — in which k is a tempeatureindependent pre

exponential factor and E is the effective activation energy for nucleatas, tke Boltzmann

constant and T represents temperattire.

In a system with finite sizehé probabilityP that one nucleatioaventoccurs within time
tin volumeV is:1®
0 p QwnQw
Equation 21

Equation 21 can be rewritten as:

Equation2-2
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Herek is the nucleation rate, which has #weheniustemperatre dependenaaentioned

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

to reach a certain probabiliBs. From Equation2-2, because—L-is a positive numbethe time
™

t requiredto reach a giveiprobability Po is proportional to K. The reciprocal of the timé/t is
thus proportional t&. Because follows the Arrhenius temperature dependedderequired for
nucleation isalsothermally activated with an Arrhenius temperature dependémoelr analysis
below, for the nucleation process of STO on &80 the nucleation time is denoted tis The

reciprocal of the nucleatiaime (1/t*) thus has an Arrhenius temperature depecglen

2.3 Experimental details

STO substrategShinkosha Co., Lt)l were purchased wittone side polished. TiO
terminatedsurfaceswere preparedefore growth by arannealing and deionized (DI) water
treatment”18 Substrate preparatiocemployeda threestep process that consisted of annealing at
1000°C for 1 h, sonicating the substrates in DI water ssalve superficial strontium oxide that
resulted from the first anneal, and annealing again at 30G0r 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 sslrates, the (001) Si substrates were not subjected to additional
processing steps prior to solvent cleaning. This preserved the natiyela&D on which

amorphous STO was deposited.

Amorphous STO films were deposited by-ans radiefrequency magnetrosputter
deposition onto substrates held at room temperature, conditions that are expected to yield
amorphous layer3'®Prior to depositing the amorphous STO films, the spakéosition vacuum

chamber was evacuated té 20° Torr. STO hyers were grown at a total pressure of 18 mTorr
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with an Ar:Q pressure ratio of:2. STO was deposited at a rate of 15 nhidtotal thicknesses
of approximately 60 nm. The precise thickness of eaatepssited film was measureding X

ray reflectivity (XRR).

During the crystallization process, samples were inserted into a pretigaedone tube
furnace(Lindberg/MPH).Separate experiments were conducted to know the heating rate of the
sample. A thermocouple was used to measure the temperatueesaffiice 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 heateelwafereacheditemperature 50C below the
nominal temperaturi less than 300. A temperatur® C less than the nominal temperature was
reached ir600 s The shortest reported time at 550, 650 and & 300 s, thus there is some
uncertainty in the reported temperature for these samples, which we have natyegphsidered

in the analysisAll annealing and crystallization experiments were conductstlirair.

The transmission electron microscopyTEM) crosssectional pecimens were
preparedvith a focused ion beam ldbut process. An electrdmeamassiséd carborprotective
layer was deposited on the sample surface before its exgostme Ga ion beam in order to
prevent surface damage. Higesolution TEM imaging was conducted using a TecnaBUF

transmission electron microscope operated at 300 keV.

Grazingincidence Xray diffraction measurements were conducted for STO on STO and
STO on Si@'Si to study the amorphous STO scatterecintensities. The experimental details
were introduced in Section 1.4 of ChaptefThe crystallization kinetics o$TO on STO and
SiOY/Si substrates were compared by analyzing the time evolution Xftagscattering intensity

at a series of annealing temperatures. Integrating the 2D detector images along the scattering ring
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azimuthal angle provide measurementsefths catt ered i ntensit¥-as a
ray intensity scattered from amorphous STO was obtained by the following steps: (i) subtracting
the scattering pattern of a bare substrate an
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 Sig)(001) Si.

XRR data were collected using a Panalytica
X-ray radiation at a wavelength of 1.54@6 XRR data shown in Figes. 2-5 and2-6 were
interpreted using the interdiff model of the GenX software packKagyesimpler 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 frontay scétering in Figure 24.

2.4 Crystallization on different surfaces

2.4.1Distinct crystallization mechanisms

The a&-deposited STO layers on both STO and #SDsubstrates exhibited grazing
incidenceX-ray scattering patterns consistent with an amorphous thin film, as in Fig2{@g 2
and (B. The slight difference in the intensities of the scattering patterns in Figi@3$ and (b)
arises from the differerX-ray incident angles, and thus illuminatedlwmes for STO on STO
(incident angle 3.2° and STO on S8 (1.4°).The crystallization of STO on the (00O
substrate results in the disappearance of the amorphous scattering signal without the appearance
of polycrystalline diffraction rings. Figer22(c) shows theX-ray scattering pattern of the same
STO film shown in Figure-2(a) following annealing at 650 °C for 5 min, a temperature and

duration yielding full crystallization of the film.
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TEM provides further evidence of the crystallization @Cson STO by SPE. The TEM
measurements were conducted by Dr. Yingxin Guan during her work as a PhD student in Professor
Thomas Kuechos group a-Madidom iArnealing i ah ydepasited Wi s c o
amorphous film at 600 °C for 32 min results in fujlstallization, as shown by the cressctional
high-resolution TEM images in Figure&a). The images were obtained from a <l@frented
crosssectional specimen and ah lattice fringes with spacing that nsistent with <001>
oriented STO. The imageith 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 cistallized under this conditiomhe orientation of the lattickinges 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 occurwia SPE.

(

a)

20 =29.5° 20=29.5°

Intensity (a.u.)

20=32.3°
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Figure 22. Grazing-incidenceX-ray scattering patterns of (a) amorphous STO on (001) STO and

(b) amorphous STOonSIO( 001) Si, with a ring of scatteri |
Scattering patterns of crystallized STO on (c) (001) STO and (dj(®®@) Si.Rings of powder
di ffraction intensity appear 2d angles of 22..

(111) reflections of polycrystalline STO appear following crystallization oa/@i@) Si.

(@) STO on (001) STO
10nm

(b) STO on Si0,/(001) Si

Figure 23. High-resolution TEM micrographsef fully crystallized STO films on (a) (001) STO
and (b) Si&/(001) Sisubstrates

For STO on Si@(001) Si, heating transforms the amorphous layer into a nanocrystalline
microstructure. Figure-2(d) shows theX-ray scattering pattern of a crystallized GThin 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 intensityhef(tL10) peak, respectively. The peak positions

and ratios of peak intensities agree with the powdeay diffraction pattern of STG! indicating
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that the STO crystals form on Si®O01) Si in random orientations. The (100), (110) and (111)
reflections have angular widths of 0,8.2, and 1.5, respectively, giving crystalizes of 11 nm,

7 nm and 6 nm, respective lXyayrefleadieneadSTO thinfdnasher r er
on SiQ/(001) Si crystallized at lower temperatures, from 450 °C to 600 °C, have similar angular
widths and relative intensities. TR nm size of the STO crystals is much smaller than the total

film thickness of approximately 60 nm. The small STO crystal sizen after the completion of
crystallization indicates that nucleation for STO on&@1) Si occurs within the volume of the

film and is not limited to the free surface or to the STO{S@rface.

Thecrystallized STQayer onSiO./(001) Sisubstrates shown in the highresolution TEM
image in Figure-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 <14frented crossectional specimen. The spacing of
the fringes is 2.76 A, whichhatches the spacing of {110} planes in STO and is indicative of the
local orientation of the crystallized STO. A higesolution image of one STO nanocrystal within
the layer exhibits lattice fringes with a misorientation of 11° with respect to the s3iaeb Other
domains containing {110} crystal planes, with different angular orientations with respect to Si,
were also observed in the higbsolution TEM analysid-igure 23(b) shows a higiiesolution
TEM image in which a STO single lattice orientatisnapparent across the entire image. The
crystalline domain size in FigureXb) is on the order of tens of nanometers, wigdarger than
the mean value of the crystal size, determined from the widths of XST&Y reflections.The
difference betweemnrgstal sizes estimated with these methods can arise from inhomogertbéy

grain size of the polycrystalline STO.
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2.4.2Distinct crystallization kinetics

Insight into the kinetic mechanism of crystallization can be obtained by examining the
structure of pdially crystallized STO layerd.he evolution of the scatteredray intensity for an
amorphous STO layer on (001) STO for a series of crystallization times at 600 °C is shown in
Figure 24(a). The data shown in Figuredga) were acquired in a seriessafparate heating steps,
each of which was followed bX-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 °€ Figure 24(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 $lighty
than the background intensity evanlong annealing times, an effect that is accounted for in the
analysis below. We hypothesize that this difference, which is on the ordef30P4®f the total
intensity of the scattering from the amorphous layer, may arise from small differencesunthe
to-run alignment of the sample on théray diffractometer, the formation of very small

crystallites, or scattering from surface contamination accumulated during processing.
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Figure 2-4. (a) GrazingincidenceX-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 agleposited (red), partially crystallized (blue), and fully crystallized (purple) layers.
Scatering 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 terndi@e 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 effectivevation energy.

The growth velocity for crystallization of STO on (001) STO via SPE was determined
using therate of decreasef the scattereX-ray intensity from the amorphous layer. TKeray
intensity scattered from amorphous ST@an be modelled &s C x(t) + DI. HereC s a constant
set by the incidenK-ray intensity, the scattering per unit volume from the amorphous layer,
detector parameters, and beam footprint on the sample suxigces the thickness of the
amorphous layer at timg andgd is the norzero intensity ofX-rays scattered from the fully

crystallized film. The velocityw of the amorphous/crystalline interface is determined using
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— ——. The constan€C can be obtained by comparing the initial and final sta'ies,—y,

wherexo is the initial thickness of the amorphous STO film &s1d the initial scattered intensity

of the asdeposited film. The growth velocity, is then:

Equation 23

The growth velocities found by applyituation2-3 are plotted as a function of temperature in
Figure 2-4(c). Velocities range from 0.6 nm mirat 450°C to 12.3 nm min at 650 °C. The
velocity of 1.7 nm mirt at 500 C has the same order of magnitadethe value of 3.7 nm min

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

STO film at the same temperatdr&he 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 temperatufie can be described by an Arrhenius temperature
dependence given iy 'Y 0 Q 7 320 HereEa is the efective activation energy for the
processes determining the velocityis a velocity prefactor. A fit of this expression to the growth
velocities reported in Figurg-4(c) for the temperature range from 450 °C to 650 °C gives an

activation energy of 0.7\e

The activation energfor the interface velocityeported here is in reasonable agreement
with the value of 0.77 eV observed for the crystallization of amorphous STO produced by ion
implantation® Other reported activation energies range from 1.0 eV in #h &mosphere to
approximately 2.1 eV imacuum? The activation energy fahe SPE growtlof STO on(001)STO

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



38

provided by the dissociation of water molecules at the surface, penetrates the amorphous layer to
the amorphousrystalline interface to increase the crystallizatiate of amorphous STO. The
crystallization velocity increases ahigher concentration of diffusing hydrogen at the interface
andthe process requires lower activation energf The amorphous STO films deposited by
sputtering have different crystallization rates than the films prepared by ion implantation at a few
amealing temperaturesThe differences activation energy and velocity reported here may thus
arise from sensitivity to the ambieatmosphere during crystallizatiar the different sample

preparation method.

XRR studies provide further support for tb@nclusion that the crystallization of STO on
(001) STO occurs through the motion of a planar amorphous/crystalline interface yiGRPE.
2-5(a) shows XRReurves for an amorphous STO layer on a STO substrate for sackegienealing
times at 600 °CThe XRR curve fit employed a twayer model consisting of an amorphous STO
layer on a uniform underpinning layer consisting of the Stilistrate and crystallized STO layer.
The densities of amorphous STO and crystalline STO were constrained in the rah@gel4g?
cm?and at 5.1 g crf, respectively, based on their literature vat®<€2Thickness andootmean
square (rmsjoughness parameters for reflectivity curve fits are shown in Bablédt is apparent
from the XRR study that the amorphous layer thickness decreases continuously as a function of

time duringcrystallization, as ifrigure 25(b).
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Figure 2-5. (a) XRR measurements ofa@eposited amorphous STéh 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 reflecttyicurves 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 layehickness, 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/atyse interfaces motion in Figure
2-5(b) is 0.8 nm/min, which is slightly less than the value deduced frob{-tlag scattering data
(2.9 nm/min), but consistent with the overall temperature dependence of the crystallization
velocity. The discrepancy in crystallization front velocities festihtwo 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 magnitudef o] as discased earlier with respect teguation 2-3, can influence the
velocity as much as®nm/min. The continuously decreasing thickness and the constant roughness

of the STO interface are signs of crystallization at a planar amorjehygatallineinterface.













































































































































































































































































































































