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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.




14

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.
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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



30

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.



36

@ 3 (b)
© As-Deposited
:'_,;, 0.364 600 °C 14 min
g 0.34 1 600 °C 32 min
E 4 _
> 0.32] _Al
o - 550 °C
v )
X 0.30 g 5 0.03
o T 5
g 028 . . 3 <
g 25 30 35 8 2 LN ___
o) 20 (deg.) =2 9
o o o P2 600 °C
) 650 °C 550 °C 450°C 8 E ;3
T 100 " 27
€ S X
£ £ °
£ < L Nee — _ _ |
g 0
5 0.06w 650 °C
©
S
= 1. 0.03
= -—— - - -
o
© 12 14 16 0530 60 90 120
1k, T (V") Annealing Time (min.)

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,
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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 amorfehyatallineinterface.
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Table 2-1. Thickness and interface roughness determined from XRR measurements during the
crystallization of amorphous STO on a crystalline STO substrate.

STO/STO Amorphous STO | Amorphous STO | Substrate/crystallized
annealing layer thickness layer rms STO interfacerms
conditions (nm) roughness(nm) roughness (nm)

As-deposited 46.04 1.06 2.38

600 °C 5 min 35.92 0.74 2.55

600 °C 15 min 31.67 1.07 1.72

600 °C 25 min 33.07 1.24 2.46

600 °C 35 min 13.17 0.66 2.20

The crystallization of STO on SHP001) Si lacks the crystalline template provided by the
STO substrate and instead occurs by a nucleation and growth process that results in a
nanocrystalline microstructure. The time dependence of the intensKyray scattering from
amorphous STO laysmonSiO2/(001) Si atan annealing temperawiof 600 °C is shown in Figure
2-6(a). Intensity rings appear in the diffraction pattern after annealing for 16 min, indicating the
formation of randomly oriented polycrystalline STO and marking the point wieng@number
of nuclei have formed at this temperature. The nucleation time depends on the temperature of the

crystallization process.

XRR studies of crystallized STO on SI(@O01) Si reveal the changes in the density of STO
that acompany thecrystallization process. Figure@tb) shows XRR curves of a STO layer
deposited on SigX001) Si and annealed at 600 for different durationsThe XRR fits for STO
on SiQ/(001) Si were performed with a thrésyer model consisting of the STO film, naiSiQ,
and Si substrate. The densities of the-Si@d Si were set at 2.196 g érand 2.329 g cm,
respectively. The density of partially crystallized STO film was allowed to vary between the

densities of amorphous and crystalline STO.
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Figure 26. (a) GrazingincidenceX-ray scattering intensity for an STO layer deposited on
SiG/(001) Si substratand annealed at 600 °C for different time periods. The curves represent
asdeposited (red), partially crystallized (blue), and fully crystallized (purple) films. (b) XRR
measurements of an-deposited amorphous STO (orange), and the same sample anaiea0ed

'C for 4 min (purple), 8 min (green), 16 min (blue), and 24 min (red). Fits using the parameters
given in Table2-2 are shown as black lines. (c) Film thickness and density as a function of
annealing time at 600C.
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The thickness andnsroughness erived from the fits are shown in Tal2€2. The XRR
study shows that the STO thickness decreases upon crystallization, fromal8mm, as shown
in Figure 26(c), indicating that the adeposited density of amorphous STO is 87% of the density
of crystlline STO. The observed change in density upgstallization is consistent with reported
densities of 4.2 + 0.1 g cfrand 5.1 g cri for amorphous and crystalline ST@spectively*2223
The XRR results thus indicate that a volume contraction of on the order of 138 eapected

during the crystallization of amorphous STO thin films.

Table 22. Thickness and interfaces roughness determined from XRR measurements during the
crystallization of amorphous STO on an 2(Q01) Si substrate.

STO/SIO,/ (001) Si | Total thickness of polycrystalline STO roughness
annealing conditions | and amorphous STO layers (nm) (nm)
As-Deposited 46.17 0.79
600 °C 4 min 45.10 0.13
600 °C 8 min 43.63 0.10
600 °C 16 min 40.40 0.74
600 °C 24 min 39.72 0.77

2.5 Quantification of the distinct crystallization kinetics

The role of nucleation in the crystallization of STO 810./Si can be quantified by
considering the nucleation tim#&, which was defined from the fundamental perspective of
nucleation theory in Section 2.2.2 of this Chapter. Experimerttatign be measured by defining
it to be the longest time at which teray intensity scattered frommorphous STO is equal to its
asdeposited value. Thealue oft” for STO on SiQis sufficiently long that at low temperatures it
exceeds the total crystallization time of STO on STO substrates. At 450 °C, for example, as in
Figure2-7(a),t" is more than 14 h whereas the crystallization of STO on STO (001) is completed
within 1.5 h.The nucleation time at 650 °C is less than the minimum practical annealing time, and

thus was not measured.
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In addition to the eventual decrease in the scattering from amorphous STO due to
crystallization, there is also a reproducible increase in theesedtintensity from the amorphous
layer of approximately 10% at short times in Fig@&&. The increase of the intensity is
hypothesizd to arise from a rapid rearrangement of the amorphous structure at the initial stages
of heating. There is also a sligmarrowing of the angular distribution of intensity, as can be seen
in the difference between the-dsposited and 16 min scattering patterns in Figuffa®
Annealinginduced changes in the amorphous scattering pattene observedn tin-doped
indium oxide (ITO) amorphous oxide thin films atite changes weleaked to a unicell-scale
rearrangement of the 4@ bonding?* Changes in electronic transpgrtirameterswere also
observed following heating of ITO films arfidrther indicate thetructural rearrangemefitWe
note, howeverthe rearrangement of the amorphous structure in ITO leads to large angular shifts
of the amorphous scatteripattern which are nbobserved here. Amorphous STO incorporates
multiple metal ions, and is hypothesizd that an unknown local ionic rearrangement leads to the
sharpening observed in Figurés@) and the increase in amorphous scattering intensity observed
at short timesn Figure 27. Further experiments such as pair distribution function (PDF) based on
synchrotron Xray radiation can be conducted to understand the changes of the amorphous STO
scattering pattern observed here. The subtle differences of the local strottilvesmorphous

thin films at early stages of annealing can be discerned with PDF art&f/sis.
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Figure 2-7. Time dependence of tikeray intensity scattered from amorphous STO for STO on
SiG/(001) Si (black) and STO on (001) STO (red) for annealing temperatures of (a) 450, (b) 550,
(c) 600, and (d) 650C.

As discussed in Section 2.2.2 of this Chapter, the reciprocal of the nucleatiod/tife (

for STO on Si@QSi can be expressed using &mrhenius temperature dependenee:
~'Q T . The use of the Arrhenius equation to describe the thermally activated nucleation

processhas previously been applied in the crystallization of glassy mat&tidiste 110" is a
temperaturendependent constant aidis the activation energy for nucleation. The variation of

the experimently observed” with temperature is shown in Figu?e8(a). The activation energy

for nucleationobtained by fitting the expected temperature dependence to the experimentally
observed nucleation time is 1.4 eV. The difference between the activation energies for crystal
growth and nucleation is a key effect that allows us to find a window in vanystal growth

proceeds over long distances without significant nucleation.
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Figure 2-8. (a) Nucleation time for STO on SIM01) Si as a function of annealing temperature.
The line is a fit to determine the effective activation energy. (b) Maximunci§ga@llization
distances before nucleatiohd) as a function of temperature. Points are the product of measured
interface velocity and nucleation timeandt™. The temperature dependence predicted based on
the measured activation energiesvaindt” is shown as a solid line.

This relatively long nucleation time and high activation energy for nucleation of crystalline
STO on SiQ provides the insight required to form STO and other complex oxides in sophisticated
geometries. In such cases, crystallinddS3an act as a crystalline template and materials with
other compositions, such &» can servas a mask. As is apparent from the long nucleation time
in Figure2-7, Si0: can form interfaces with amorphous STO without providing nucleation sites

for crydallization.

The key parameter for the process of guiding the path of crystallization usin@sSeD
mask is the maximum film thickness or distance over which the amorphous STO can crystallize
by SPEbefore the nucleation of crystalline STO occurs awaynfthe moving interface. This
maximum crystallization distanckg, can be expressed bs=vt", wherev is the velocity of the
amorphous/crystalline interface due to SPE #nts the nucleation time. The values lof at
annealing temperatures in the rangf this study are plotted in Figu2eB(b) based on values of

andt” determined from STO on (001) STO and STO on280D1) Si, respectively. As would be
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expected from the difference in the activation energies of the two processesaximum
crystallization distanceby SPE Lc covered before nucleation increases as the temperature
decreases. The largdst is in the present study is achieved at the relatively low temperature of
450 °C. Figure2-8(b) indicates that for temperatures ab6@€ C the crystallization lengths that
can be achieved are less than 50 nm, lower than the thicknesdepgassted amorphous layers.
Crystallizing amorphous films by SPE at temperatures above®@an lead to highlgefective
crystalline layersdue o nucleation away from the amorphous/crystalline interface. The high
temperature regime of Figur28(b) is thus consistent with previous observations that
crystallized STO filmdbecome highly defective at high temperatures due to nucleatiay from

the crystallization interfaceLc is a function ofy andt*, which are both thermally activated, and

can be expressed as:
O 0O 0OQ 7 LboQ 7
Equation 24

Figure 2-8(b) shows a plot of the measured prodwtt illustrating that the maximum

crystallization distance at different annealing temperatures can be estimateBqustign2-4.

The increase in the crystallization distaheeat low temperatures, apparent in Fig@re
8(b), shows that flash heating ohet rapid thermal processing techniques at high temperatures
are not appropriat® create thick singlkerystalline layers of ST@y suppressing nucleatioA
similar consideration is important in the crystallization of STO within{aigbectratio structues
e.g. narrow and deep trenches or pores. Very large distances of the progression of crystalline

interfaces are obtained at low temperatures e.g. 500 nm at 450 °C. E@uéfuarther suggests
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thatLc can be increased by optimizing the difference betmiee activation energies for nucleation

and interface motion, for example by varying &mmealingenvironment.

2.6 Conclusions

A comparisonstudy of the crystallizatiorkinetics of amorphous STO osinglecrystal
(001) STO andamorphousSiO./Si substrates slws that atrelatively low temperaturesthe
amorphous/crystalline interface can propagate over long distances by SPE without polycrystalline
nucleation away from the interfaceghe results indicate that it will be possible to synthesize
singlecrystalline oxides in nanoscatemplexgeometris via crystallization from the amorphous
layer.In addition to STO, crystallization by SPE has already been demonstraibeircomplex
oxides, for example in the perovskites Eu3#CaTiCs,® BiFeQ: on STO?**° and SmNIQ on
LaAlOs.3! The discovery of the crystallization kinetics of STO thus pointsetthods for which a
wide range obtherfunctional oxides, e.g. ferroelectrics and multiferroics, &ianbe grown in
complex geometriey exploiting the difference between the kinetics of nucleation at non
epitaxial interfaces and the kinetics of SPivgh at epitaxial interfacedMore generally,
crystallization from an amorphous layer providesliernativeoute to the synthesis of nanoscale
complexoxide materials that havbeen discovered and studied at the scale of individual
structures®3 In addition, there are indications in the literature that complex oxide electronic
interfaces can be created by recrystallizatftoBD structures are very useful for the design of
microelectronic and optoelectronic devices, and energy storage systémsrther exploration
of nucleation and growth effects in these systems will facilitate the integration of complex oxides

in 3D electronic, optoelectronic, and ionic devices.
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Chapter 3: Seeded lateral solid-phase crystallization of the

perovskite oxide SrTiO3

3.1 Introduction

As described in detail in Chapter 1, becauggagial complexoxide thin film
growthby vaporphase epitaxynvolves long surface diffusion lengths and often requires
the lineof-sight transport of material from the sources to the growth syrtalcas been
challenging to extend the potential of highly functional, lsageaepitaxial crystalline
complex oxidsinto the realm ohanomaterialsA promising approach for the synthesis of
epitaxialcomplexoxide nanostructures is the crystallization of amorphous precursors via
postdeposition heating The kinetics of soliebhase crystallization are favorable for the
formation of compleoxides in intricate nanoscale geometrigde diffusion in thesolid
state is slow at the temperatures that are required for the crystallization of amorphous
oxides, andthe seeded growth is fast in comparison with nucleation oreptaxial

interfacesas discussed in Chapter 2 for SrI{STO).*?

Lateral crystallization from narengineered nucleation sites has recently emerged
as a way to achieve nanoscabede materials. Prewus reports indicate that isolated
crystalline seeds can serve as nuclei for the crystallization of metal oxides from their
amorphous forni* Seeded soligphhase crystallization can be used to create crystals with
controlled crystallinity, including the crystallographic orientation and grain size, on a

variety of substrates at significantly lower temperatures than are employed in epitaxial
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growth3* The substrates can henorphous or polycrystalline substratesudingglass or

plasticthat are of industrial importance.

A particular example of the importance of seeding ins selecting the
crystallographic phase of oxide compounds that exhibit multiple structural pliises-
scale crystals o&-Al203 can be formed by crystallizing amorphougs@dwith a-Al203
seed crystals, without the formation of thal20s phase commonly observed in unseeded

crystallization®®

Another particular example shows the importance of seeding in creating oxide
crystals on amorphous substrates with the selected crystallographic orientation and with
micron-scale lateral siz&.he gystallization of amorphous Ntooped TiQ can be directed
by nanosheeseeded lateral SREesulting in (001prientedNb-doped TiQ crystals with
lateral sizesip to 10 um on glass substraféreliminary results indicate that this approach
may also apply to STQ.atticeematched CaNbsOi0 nanosheets with a-dm-thick STO
secondary seed layer were used to seed the lateral SPE growth of an amorphous STO film
deposited by PLD, but the kinetics and structural details of this process have not yet been

reportedt

Fully exploiting the control of lateral crystallization from nanoscale nucleation sites
requres the development of methodser laterally resolved local characterization of
structural properties. Important unresolved questions in coragiebe seeded soliphase
crystallization are associated with the rate of crystallization, the evolutionarfibighous
and crystalline structures, and the precise role of the intentionally introduced seeds in

determining the overall orientation of the resulting crystals.
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This chapter reports the discovery sifategies for seedingrystallization with
nanoscalenucleation sitesand the discovery of kinetic phenomena important to
crystallization. The nucleation strategies reported here employ two types of seeds: (i)
singlecrystal SrRu®@ (SRO) nanomembranes (NMs) with (001) orientation and a
thickness of 50 nm ai(ii) nanocrystalline seeds of SM@th random orientatioandwith
a few nanometers in thickness. The nanoscale seeds were placed/& Silstrates
before the deposition of an amorphous STO lay&ae lateral soligphase crystallization
rates of amghous STO from SRO NMs and STO nanocrystalline seeddase to the
SPE growth rate on a planaf Osubstrate and are unexpectedly isotropie kinetics of
crystallization at the temperature investigated here favor crystal growth initiated at seeds
rather than nucleation away from seeds and, as a result, regions with several microns in

extent can be crystallized near seeds before nucleation at separate locations.

The use of nanoscale seeds supported on/SliGubstratedo initiate the
crystallization of STO is illustrated in step (i) of FiguB%(a) and (b). The SRO NM and
STO nanocrystalline seeds were subsequently covered with a uniform amorphous STO
layer deposited by sputter deposition over the entire surfacepmsted in step (ii) of
Figure 3-1. The amorphous STO layers were deposited by sputtering with the same
conditions described in Section 2.3 of Chaptéieating the seed crystal/amorphous layer
structureinduces soliebhase crystallization (step (iii) &igure3-1). At the relatively low
temperature employed in this stydynorphous STO crystallizes into polycrystalline STO
laterally from the seed crystals over several microns before impinging on ctystals

formed via unseeded nucleation.
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(a) Crystallization from SRO (b) Crystallization from STO
nanomembrane (NM) seed nanocrystalline seed
(i) SRO NM seed (i)

STO nanocrystalline seed

(i) Amorphous STO (i) Amorphous STO

(iii) Laterally crystallized STO (iii) Laterally crystallized STO
VertlcaI\SPE Amorphous STO Amorphous STO

Figure 3-1. Seededolid-phase crystallization of amorphous STO using (a) a siaglstal

SRO NM seednd (b) an STO nanocrystalline seed: (i) placement or fabrication of seeds
on a SiQ/Si substrate, (ii) deposition of ammorphousSTO layer,and (iii) vertical
crystallization of amorphous STO on top of the SRO NM and lateral crystallization of
amorphous STO from the edges of the seeds.

3.2 Synthesis and characterization of seed crystals

3.2.1Synthesis andcharacterization of SRO seed crystals

The SRO NM seed crystals wefermed by transferring 5@m-thick single
crystalline SRQhin films grown on (001) ST@o SiOY/Si substratesThe SRO NMs were
created through a collaboration with Dr. Dillon Fong and Dr. Deborah Paskiewicz at
Argonne National Laboratory (ANL). The epitaxial growth, release, and transfer were done

by Dr. Paskiewicz during her work as a postdoctoral researche¥lat Fhe fabrication
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process involves several steps. First, epitaxial SRO thin films with dimensi@s &f

mn?¥ were grown on (001) STO substrates. Then the sample surface was patiéraed
photoresist exhibiting a periodic array of 50 x &0 holes ad immersed in a room
temperature HF/HN&H20 etching solution allowed to reach the substrate. The duration

of the immersion depended on the size and spacing of the etchant access h@&OThe
NMs became freestanding after the near surface region oST@ substrate was
dissolvec® A SiO2/Si substrate was subsequently submerged in the solution to slowly
withdrawthe SRO NMsSRO has excellent chemical and thermal stability and a lattice
parameter close to STO, making it a favorable choice for use as a seed crystal that can be

moved to other substrates using liquid or dry tranfsfer.

The SRO NMs had lateral extents rangfram severamicronsto one millimeter
A scanning electron microscopy (SEM) image of a corner of an SRO NM on255i0
substrate and a schematic of the SRO seed layer are shown in Big{aesnd (b)SEM
characterization was performed using a Zeiss LEO 1530 Schygfikyfieldemission
scanning electron microscope, with an accelerating voltage of .3&Wer SEM
measurements described in Figure8,3-6, 3-8 and3-9 in the following text were also

conducted with this accelerating voltage

The SEM image shows that the SRO NM is uniform and has abrupt edges. The
SRO NM sheets were characterized using synchrotromyXanobeandiffraction. The
details of the measurements were described in Section 1.5 of Chaptee intensity
distributions given in the texif this Chapterre reported in terms of the waveved@r
defined axQ = 4p/l sing. Figure3-2(c) shows alot of the intensity as a function of the

out-of-plane wavevecto)., equivalent to a thii i |-2nd ds c a n , f orrayt h e

SRO
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reflection.The outof-plane lattice parameter and thickness derived from Fig2{e) are
3.94 A and 52 nm. The FWHM of threcking curve of the SRO 002 reflection is 0,19°
shown inFigure 3-2(d). The small mosaic width of the SRO 002 reflection indicttas

the SRO NM remains a single crystal after it is transferred.

Si0,/Si SiO,/Si
substrate substrate

—_—
o

SRO 002

]

x108

-
(=]
o
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Diffracted X-ray

Normalized Diffracted
X-ray Intensity
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Figure 3-2. (a) SEM image of a corner of the SRO NM seed on &/ SiiGubstrate. (b)

Geometry of the SRO NM seed on a2 80substrate. (c) Xay diffraction pattern of the
SRONMseed. (dyXay rocking curve o0sE20t43 sth&BRa0g NM s e e (
angle of te SRO 002 pseudocubic reflection at the 9 ke&yxphoton energy of these
measurements.

3.2.2Synthesis and characterization of STO seed crystals
The complementary strategy employing STO seed crystals is based on the synthesis
of widely dispersed STO nanocrgist. The STO seed crystals were created by depositing

a thin amorphous STO layer through a shadow mask, followed by dewetting and
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crystallization of the layer by thermal annealing. The steps involved in this process are
illustrated inFigure 3-3(a). A very thin STO layer forms adjacent to the thicker layer

deposited through the openings of the shadow mask (Fotofab, LLC), as shown in panels (i)
and (ii) of Figure3-3(a). The amorphous layer was crystallized by heatin§z@ C for

180 min, as shown in pangi) of Figure 3-3(a).

X-ray diffraction measurements usitige Bruker D8 Advance diffractometarere
conducted at each step in the formation of the nanocrystalline STO seeds.3F3gb)e
shows grazingncidence Xray scattering patterns acquired froiine bare Si@Si
substrate, the adeposited amorphous STO film, and the fully crystallized $Ih®. The
bare Si@/Si substrate exhibits a featureless Jmtensity background. The -Kay
scattering pattern of the amorphous STO includes a broad intarestiynum centered at
wavevectorQ = 2.1 Al After heating to 650 °C for 180 min, the broad peak disappears
and a series of polycrystalline STOry reflections with far higher intensity appear. The
sharp reflections indicate that the amorphous STO heastatiiged into polycrystalline

STO seeds.

The spatial distribution of the STO seeds is shown in the SEM image in Bigure
3(c). A key feature in this distribution is a gradient in the seed concentration resulting from
the initial nonuniformity of the STOcoverage near the edge of the shadow makk.
seeds have sizes ranging from tens to hundreds of nanomstshaven in the images of
several individual nanocrystalline STO seeds in Fi@48éd). Many isolated STO seeds
thathaveonly three or four lateral facets gpeobablycomposed of just one or a few STO
crystals.Larger seeds without obvious facets may be aggregates of several crystals with

different orientations.
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Figure 3-3(e) shows an atomic force microscopy (AFM) topographggenof an
area containing several isolated STO nanocrystalline seeds. The surface morphology of the
STO seed crystals was imaged using acamtact mode with a Bruker Multimode 8 AEM
The STO seed crystals have a complex height profile in which theis edgdrigher than
their centers, as shown in Fige(f) for three different crystallites. In each case, the
edges of the seeds arg hm higher than their centers, consistent with the curvature of the
seeds, as discussed below. The inside of the sgstdls is very thin, with apparent heights
from 0.1 nm to 5 nm, as shown in the height profiles of several nanocrystalline seeds in

Figure 33(f).
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Figure 3-3. (a) Synthesisf STO seed crystals: (i) SiSi substrate. (ii)) Deposition of an
amorphous ST@yer onto the substraterougha shadow mask, creating a les@verage

of amorphous STO close to tekadowmask edge. (iii) Ripening and crystallization of
STO seeds. (b) Grazingcidence Xray scattering corresponding to steps (i) to (iii) in the
synhesis of STO seed crystals. (c) andS&M images of the distribution and shapes of
STO seed crystals. (e) AFM image of STO seed crystals. (f) Height profiles of the crystals
indicated in (e).

The crystallinity and orientation of the STO nanocrystallieeds were probed
using synchrotroiX-ray nanobeam diffraction with a spot size of 3Q ilime details of the

measurements were described in Section 1.4 of Chapfeehanocrystalline seeds were
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investigated within a sample consisting of both seeds ar&Ir@nlayer, after heating to

450 °C for 2160 min. The nanodiffraction experiment thus probed the seeds and the volume
of material crystallized above each seed. FigBé&) and (b) show maps of the diffracted
intensity as a function of thiecation of tke X-ray beam where STO crystallites are
oriented with the [110] and [001] directions aligned along the surface normal, respectively.
The crystallites in Figure8-4(a) and (b) have lateral sizes of hundreds of nanometers,
consistent with the SEM and AFvhages in Figure-3. The spatial extents of the crystals
appearing in the nanobeam diffraction maps span a subset of their overall physical volume
in which the Bragg condition is satisfied and the detector accepts the diffracted beam. For
the [110] STO crgtallite map in Figur&-4(a), the total detector acceptance was increased

by placing the detector at different angular posititmacquire the map. The image of the
[110] oriented crystal thus reflexthe full extent of the crystal. The [00&tiented cystal

in Figure3-4(b) was studied with a smallerrdy detector acceptance and the extent of this

crystal is slightly underestimated.

Both the AFM and Xay nanobeam measurements indicate that the STO
crystallites have a significant curvature. Theay nanobeam diffraction study shows that
the orientation of the seeds in FiguBe4(a) and (b) vary by 7over a distance of 200 nm,
which is consistent witlhe tilt of tan}(5 nm/50 nmP 6 observed in the AFM height
profiles in Figure3-3(f). The radius oturvature of the seeds is thus approximatetyril
A schematic model of the microstructure of the STO nanocrystalline seeds based on these
measuremenis shown in Figur&-4(c). The seeds exhibit both a range of crystallographic

orientations and a morphology in whitte crystal is higher at the edges.
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(a) [110]-oriented STO seed crystal
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Figure 3-4. X-ray nanodiffraction mapsf isolated STO seed crystals and the crystallized
STO film o top of the seedsith (a) [110] and (b) [001] orientations along the surface
normal using the 110 and 002-r&y reflections respectively. (c) Diagram of STO
nanocrystal seed curvature. The lines and arrows for each crystallite indicate the
orientation and normal directions of crystallographic planes.

Previous studies found that STO crystallites formed by crystallizing an amorphous
STO layer are curved and attributed the curvature to the stress at the amorphous/crystalline
interface® The STO seed crystals in Figur&aire not surrounded by an amorphous film,
which indicates that the curvature of the seeds results from a different effect. The elastic or

plastic curvature of STO seed crystals may arise instead from a small stress imbalance
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through the thickness of the STcrystals. A secongossible reasoof curvature is through
delamination during cooling from 65C to room temperature due to the different thermal

expansion coefficients of STO and Si8.

3.3 Lateral solid-phase crystallizationfrom seed crystals

Lateral solid-phasecrystallization was studied by probimgicleation anctrystal
growth of a uniform amorphous STO layer deposited across the entire surface, including
the regions atop and adjacent to the seed crystals, as depicted in step (ii) oB-Hignre
The thickness, roughness, and uniformity of the STO layer in a region of the sample near
the edge of the SRO NM seeds was investigated using synchretepnri¥flectivity. The
reflectivity experiment was conducted at stationOD of the European Synchiron
Radiation Facility using a photon energy of 8.00 Ke¥1.5498 A)and an Xray beam
focused to a spot size of approximately 300 nm using a Kirkpadaekz Xray focusing
mirror. The reflectivity data were collected in a region at a distance winléway from
the edge of the SRO NM. The sample was oriented so that the long footprint of the beam

was parallel to the edge of the SRO NM.

The X-ray reflectivity of the amorphous layer is shown in Figute Ihe analysis
of the measured reflected intensiigtribution employed the same method used for the
analysis of the XRR data of an amorphous STO layer on th#Ss&lbstrate described in
Section 2.4.2 of Chapter 2 using the GenX software pack@lgeresults of the fit give a
STO layer thickness of 38 nm, a raueansquare roughness of 0.5 nm andemsity of
4.3 g cn. The density of the STO layer is consistent with the reported values of 4.2 + 0.1

g cm® of amorphous STE. The X-ray reflectivity study indicates that the amorphous STO
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layers on seed crystals are uniform ad perturbed by the presence of the seed crystals

during deposition
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Figure 35: ReflectedX-ray intensity €quare points) and Xray reflectivity model
consisting of an amorphous STO thin film on a280substrate.

3.3.1Lateral crystallization from SRO seed crystals

The crystallization of amorphous STO from SRO NM seeds was investigated in a
series of experiments in wii¢he samples were heated to 460 Crystallization proceeds
both laterally from the edges of the SRO NMs and vertically from their faces. Lateral
crystal growth results in regions of crystallized STO around the edges of thadlhgwn
in Figure3-6. Figures3-6(a)-(c) show SEM images of the edge of an SRO NM with an as
deposited amorphous STO laymafore crystallizatiomnd after crystallization by heating
to 450 C for 360 min and 2160 min. The crystallization results in the formation of the
comparately bright regions at the edges of the SRO NM seeds. The lateral growth

distances measured at different locations along the edge are 630 + 40 nm at 360 min and
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2000 + 40 nm at 2160 min. A linear fit to the crystallization distance, shown in FHgure
6(d), gives a lateral growth rate of 0.9 £ 0.1 nm/min. The lateral growth rate during
crystallization from the edge of the SRO NM seed is slightly larger than the vertical growth

rate in thinfilm SPE on a singlerystal (001) STO substrate at this temperatutach

was 0.6 nm/min.
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Figure 3-6. SEM image®f an SRO NM seed (a) with amorphous STO layer before
crystallization, and after crystallization at 450 °C for (b) 360 min and (c) 2160 min. (d)
Lateral crystallization distance from the edge of the SRO NM seed as a function of

crystallization time a¥50 °C. The linear fit gives a lateral crystal growth rate of 0.9
nm/min.

The crystallinity and crystallographic orientation of the laterally crystallized STO
layer near the SRO NM seed was characterized using electron backscatter diffraction
(EBSD).The BBSD measurements were conducted by Dr. Jack Tilka during his work as a
PhD student at University of Wisconditadison.The orientation of STO crystallized near
SRO NMs was probed by EBSD using imaging and analysis software (EDAX, Inc.). The

EBSD data wasaguired with the sample titled 70° with respect to the primary beam.



65

Figure 3-7(a) shows a secondary electron SEM image of an area close to an edge of the
SRO NM seed in which the sample had been heated toGH@r 2160 min. Figure§-

7(b)-(d) show EBSDnverse pole figure maps in which each pixel is colored according to
the crystallographic direction within the STO or SRO crystal that points along different
Cartesian directions. Here, z is parallel to the surface normal, y points away from the edge
of the NM, and x is along the edge. The randomly colored region outside the crystallized
region in Figures-7(b)-(d) is a result of arbitrary fitting of the background and noise to

the EBSD pattern of the amorphous STO layer.

The EBSD inverse pole figure mapsthe crystallized regions near the SRO NM
show that the laterally crystallized STO has an overall polycrystalline microstructure.
Micron-scale STO grains extend from the edge of the SRO NM seed to the
amorphoukrystalline STO boundary. A large number gfains within the crystallized
STO layer in Figur&-7(c) are oriented with a <001> direction along the length of the SRO
NM edge, the same-plane orientation of the SRO NM seed. The existence of regions of
STO exhibiting the same-plane orientationsathe SRO NM indicates that there is some

texture of the laterally crystallized STO within the largeale polycrystallinity.
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Figure 3-7. (a) Secondarglectron SEM image after crystallization from an SRO NM seed
at 450 °C for 2160 min. (b), (c), and (d) EBSD inverse pole figure maps of the area shown
in (a) in which each pixel is colored with according to which crystallographic direction of
the combine®RO and STO crystal is along the z, x and y unit vectors defined in the inset.

The shape of the crystallized region near the SRO seed provides insight into the
possible dependence of thateral crystallization rate on the STO crystallographic
orientation Figure3-7 shows that many regions of the crystallized STO near the SRO seed
exhibit in-plane growth directions that are not oriented along <001>. The width varies by
less than 10% at different locations along the edge and does not show any systematic
relationship betweerthe growth rate and orientation. The images in FigB+é thus
indicate that the growth rates vary by less than 0.1 nm/min as a function of crystallographic

orientation under these crystallization conditions.

In addition to the crystaflation nucleated at the boundary of the SRO NM, the

SEM and EBSD measurements reveal a low concentration of STO crystals that were
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nucleated in locations away from the edge of the SRO NM seed. A separately crystallized
region is visible at a distance o®n from the edge of the SRO NM the SEM image

and EBSD inverse pole figure maps in Figuse&b)-(d). The EBSD inverse pole figure
maps of the crystal nucleated far from the SRO NM does not exhibit the preferred <001>
in-plane texture observed in crgi nucleated from the SRO NM. The separately nucleated
and crystallized area instead appears to be formed from several crystals wit®0Odon

directions in the plane of the sample surface.

3.3.2Lateral crystallization from STO seed crystals

The lateral crystézation from STO seed crystals was studied by heating the
amorphous STO/STO seed structure to 450 °C. After heating, circular regions of
crystallized STOform surroundng each seed crystal, as shown in the SEM images
acquired after heating to 450 °C @r0 min, 450 min, and 840 min in Figur@s(a)-(c).
The average crystallized radius at different crystallization times was determined by
measuring the mean radius of-30 isolated crystallized regions at each temperature and
is plotted in Figure3-8(d). The vertical growth of STO on top of the STO seeds through
the 48nm thickness of the amorphous STO takes place over a much shorter time than the
micronscale lateral crystallization. Thiene associated with the complicated initial three

dimensionaktrystallization is thus safely neglected in this analysis.

A linear fit to the timedependence of the crystallization distances observed over
the entire range of crystallization times gives a lateral growth rate of 0.5 £ 0.1 nm/min at
450 C, shown as theolid line in Figure3-8(d). Including only thecrystallizationtime
points up to 720 min, however, gives a growth rate of 0.6 + 0.2 nm/min, shown as the

dashed line in Figurd-8(d). This growth rate is very close to the vertical growth rate of
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amorphousSTO on top of singkerystal (001) STG. As discusse below, the slight
underestimation of the crystallization rate by including the long crystallization times in the
growth rate measurement may be caused by the crystals formed by unseeded nucleation

and growth on substrates at relatively long crystalbratimes.
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Figure 3-8. SEMimages of an initially amorphous STO film deposited on isolated STO
seed crystals following crystallization 450 °C for (a) 270 min, (b) 450 min, and (c) 840
min. (d) Crystallized radius as a function of crystallization tilftee solid and dashed lines
are linear fits over the full range of times and times up to 720 min, respectively.

The crystals formed by heating to 450 °C for 270 min are approximately circular,
as shown in Figure8-9(a) and (b) and have a mean radius @ 3m. The statistical
distribution of radii has a standard deviation of 30 nm. Crystallization into circular islands

indicates that, under these conditions, the growth rate does not depend on the
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crystallographic orientation of the amorphous/crystallimerface. The effectively
isotropicgrowth ratefrom nanocrystalline STO seeds matches what was observed during

crystallization from the SRO NM seeds.

450 °C 270 min

Figure 3-9. SEM imagesifter crystallization at 450 °C for the indicated times, (a) and (b)
270 min, (c) and (d) 840 min. The arrow in (d) indicates an STO crystal nucleated at a
location away from an STO seed crystal.

Nucleation and growth of STO crystals at locations awaynfrihe STO
nanocrystalline seeds was observed at long crystallization times. Bi§ce shows an
SEM image of the STO film with the nanocrystalline seeds heated to 450 °C for 840 min.
The contrast in the micrographs allows the crystallized STO to beglisthed from the
STO nanocrystalline seed. The crystallized STO regions nucleated at seed crystals have a
mean radius of 800 nm. Other crystallized regions have smaller radii ranging from 200 to

400 nm.The difference between thiange of sizess far larger than the standard deviation
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of 30 nmobserved with shorter heating times. The absence of visible STO seed crystals at
the centers of the regions with smaller radii indicates that they were formed by nucleation
at sites away from the seeds followin¢gpag incubation time. A similar long incubation

time was previously observed in unseeded crystallization of amorphous STOA$i.5i0
Including the crystalline areas nucleated in regions away from the nanocrystalline seeds
causes a slight underestimation in the determination of the latgstllization velocity.

The growth rate from the SRO NM seeds was not systematically underestimated because
the nucleation and growth of STO crystals away from the edge of SRO NM did not affect

the measurement of the crystallization distance in that system.

The micrasstructure of STO crystallized at 450 °C for 2160 min using the
nanocrystalline STO seeds was evaluated using an unfocused synchrcagobeam with
a spot size of 100 x 100 |fnFigure3-10shows a radial scan in reciprocal space, acquired
as ag-2q scan in which the Xray beam probed a region near the edge of a shadow mask.
The peak positions and relative integrated peak intensities agree with the poveder X
diffraction pattern of STO, consistent with the formation of polycrystalline STO in random

orientations-!
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Figure 3-10. X-ray diffraction pattern of ST@rystallizedat 450 °C for 2160 min with STO
seed crystals. Reflections arising from STO are labeled with their indices. An additional
reflection at Q= 2.34 A (marked with *) arises from the diffraction of incidentrags

with one half of the nominal incident wavelength by the Si substrate 004 reflection.

3.4 SPE growth on top of SRO NM

3.4.1SPE growth measured withlaboratory -source Xray diffraction

The structure othe STO crystallized on top of the SRO NM wiast examined by
laboratorysource Xray diffraction. The data were collected usinbe method described
in Section 1.6 of Chapter The laboratorysource diffraction study employed a millimeter
scale xray beam and thus provides a diffraction pattern averaged over thectulbf the
sample. The laterally crystallized regions near the edges of the NMs occupy a small fraction
of the total sample area covered by the SRO NMs and thus contribute negligibly to the
areaaveraged diffracted intensity. Figusell(a) shows the imnsity as a function dp:
for STO crystallized on SRO NM seedshmBatingat 450 °C for 2160 mirmeasured with

laboratory Xray diffraction. Both the SRO 002 and STO 002 reflections are evident,
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showing that the amorphous STO film on top of the SRO Ni¥isfiorms into an epitaxial

layer.

The angular widths of the-Kay rocking curves provide insight into the relative
defect densitiesvithin the STO layer and the SRO seé&wyure3-11(b) shows rocking
curve scans of SRO 002 and STO 002 reflections digavhich give FWHM values of
0.29° and 0.40°, respectively. The crystallized STO on top of the SRO membrane thus has
a larger concentration ektended defecthan in the SRO membrateading to a broader

mosaic width than the SRO membrane.
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Figure 3-11. (a) Laboratory X-ray diffraction pattern (points) and kinemat-ray
diffraction simulation (line) of STO crystallized on SRO NM seeds at 450 °C for 2160 min.
(b) Rocking curve scans of SRO 002 and STO 002 reflections with Gaussian fits used to
find the angular widths of each reflection.

The STO lattice parameter is a key quantity that provides insight into the degree to
which the epitaxial mismatch between STO and SRO has been relaxed by the formation of
defects. Three methods with increasing mathemadicdlexperimental complexity were

employed to measure this lattice parameter as accurately as possible.
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The first, and likely least accurate, approach to measuring the lattice parameters of
STO and SRO uses the overall magnitude of thar®yles of the SO and SRO 002
reflections. By fitting the data in Figure13(a) with the kinematic Xay diffraction
simulation, he outof-plane lattice parametgof the crystallized STO layer and the SRO
NM are derived to be 3.90& and 3.94A, respectively, and thehitknesses of the
crystallized STO layer and the SRO NM are derived to be 28 nm and 38 nm, respectively.
Both the measurements described in Section 3.2 of this Chapter and the study reported by
Dr. Deborah Paskiewicz show thaetSRO NM also had a lattigarameter of 3.94 A
before the deposition of STO and the crystallization pro¢else same lattice parameter
indicates that th&RO NM remains relaxed on S¥Si substrates after deposition of an

amorphous STO layer and the subseqheatingprocedure.

The second measurement of the STO lattice parameter uses the angular difference
between the STO and SRO 002 reflections to measure ttod-plaine lattice parameter of
STO more precisely. STO has a cubic structure and SRO has a pseudocubic siructure.
and® are the oubf-plane lattice parameters of STO and SRO, respectiwely.was
determined to be 3.94 | b a sc@ dwasthen talcwdate@ d v al u
basedomo and the angular difference in 2d bet we
denoted as— In the equations listed belows- is the Bragg angle of the SRO 002

reflection.
¢Qi Q¢ —

The derivative of the above equation can be written as:
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The relationship between the d spacing of 002 planes and tiud-plaine lattice

parameter of a cubic structure’®®: -. Plug into the above equation:

Equation3-1
The Bragg angle— of the SRO 002 reflection is 23.018° based on the valGe of

which has been determined to be 3394 he measureg—between 002 reflections of SRO
and STO is 0.2356€)  is thus determined to be 3.902 A based on Egua 1, consistent

with the results obtained with the first method.

The inplane and oubf-plane lattice parameters of STO are denoted as and
@ , respectively. ie bulk STOhas alattice parameteof &3 3.905 A With =
3.902 A, the crystallized STO layer has a compressiveof-planestrain- = -0.1%
with respect t@o . With thein-plane strain  and the Poisson ratipof STO, he expected

- arising from the mechanical constraint imparted by the SRO NMeB8TO is:

cL
p U
p U
cL
With - and- , the following equation can be obtained
&) &) P O® )
W cL W
w P UL &
W W W W
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Equation 32

The Poisson ratio of STOis 18 0.¢The® deduced from the Equation 3
2is 3.910 A, which is very close ¢@. A fully coherent epitaxial layer of STO oretiSRO
NM would have inplane strainr = 0.9% and oubf-plane strainr = -0.5%. The
calculated® of 3.910 A and  of -0.1% indicate that the crystallized STO film on
SRO NM is nearly completely relaxed under these deposition caystallization

conditions.

The third, and final, approach used to measure the lattice parameter of the epitaxial
STO layer employed the sithangular differences between the 103 reflections of STO and
SRO. Thisseparate Xay studyused theBruker D8 Advance diffractometéo probethe
in-planeand outof-plane lattice parameters of STO by measuring the interplanar angles

between 103 and OQdanes of STO and SRO.

Figure 312 shows the 2D detector image of the measurement of 103 reflections of
STO and SRO. In the 2D detector imalgeepresents the azimuthal angle normal to the
2d di rYeantYc-eane.the angular differences betweea 193 reflections of STO
and SRO in the 9 and «2and-d iisrthe ¢nteiplanarsangler e s p e c t
between 103 and 001 planes for SRO and STO, respeciivein-plane and oubf-plane
lattice parameters of ST® and® can bededuced from the angular differen¥e
andYc—based on the Equations333-4, 35, 3-6 listed belowThe calculated resultas

consistent withthe conclusion thahe epitaxial STO layds nearly completely relaxed
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Figure 312. 2D detector imagef dhe measurement of 103 reflections of SRO and STO.
The reflection with smaller 2d is from SRO (
STO (right).

The 103 lattice planes of STO and SRO are tilted with respect to each other by

Ye :15

)

y S/rTQ
n

For 103 reflections, wavevectajs —,Q —, andi Q¢

Y is thus related to the measubédand the Bragg angle of the SRO 002 reflection

— with the following equation:

“Q Q o
3 o = P

T e

Equation 33
For cubic SRO, thamterplanar angle between 103 and 004 is
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For tetragonal STO, the interplanar angle between 103 and 001 is

~
¥

- o
W Eei
@
W —
()
It is useful to define the small difference betwéen andd  using a parameter

that has a value much less than bider to allow the denominator to be expanded in a

Taylor series. The small paraméteis termed the tetragonality correction and is defined

sothat— p p 1. With this substitution the expansion is straightforward:

v . o o p o P . P
weel _— = — P wel p -
Mo p pmm Wpmwp 1 Wpm G C
Heei Heei D G
C
Because’ W& i ¢ | "QFes soméei éei [ "@EYe

Plug in, the following equation can be obtained:

1 O e Ye

— p P p G UDEYe

Equation 34

UseY¢—to find® and use—to find¢  based on Equation4.
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respectively.

The d spacing of 103 lattice planes of SRO and ST® isandQ

)
Q g
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Suppose the STO film is fully relaxed and has a cubic structure, the tetragonality

correction of is thus 0. The following equation can be obtained:

&) ) Vip WQ
YQ s Y
o) WEo Y—
YQ Q w&eEo Y— —WH— Y—
Vp 1t
&) &) Vp Tt M—_cbé—é y— ® p WEH Y—

Equation 35
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Suppose the STO film is strained on SRO, the tetragonality correctiors dfius

not 0. The following equation can be obtained:

. . N . 0 . g
O & Vpwa p B O Upre—bis V— p B
S Vp Tt C
o O p WESY— p

Equation 36

1 is small, so this is a secowdder correction.

The three methods show essentially the same result. The crystallizedy&T @ la
epitaxially grown on the SRO NM and the epitaxial mismatch between STO and SRO has

been nearly completely relaxed by the formation of defects.

3.4.2SPE growth measured with synchrotronsource Xray diffraction

The structure ofthe STO crystallized on topf the SRO NM waslsoexamined
with synchrotrorsource Xray diffraction. Because the spot size of the focuseda)X
nanobeam is 50 nmhe local epitaxial relationship between SRO and SED be
examinedwith X-ray nanodiffraction.The details of synclotron X-ray nanobeam

diffraction measurements were introduced in Section 1.4 of Chapter 1.

The relatively large convergence angle of the nanofocused beam allowed a single
incident angle to be used to probe both the STO 002 and SRO 002 reflections
simultareously. Figure3-13(a) plots the intensity of each reflection as a function of
position along a line crossing the edge of the SRO NM. The simultaneous rapid decrease
of the diffracted intensity from STO and SRO at the edge of the SRO NM indicates that

the STO grows epitaxially on the SRO NM. The abrupt decrease in the STO 002 intensity
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away from the edge of the SRO NM also shows that the laterally crystallized STO does not
have an [001] oubf-plane orientation. A diffraction pattern acquired with thea)
nanobeam illuminating only the SRO seed and the top epitaxial STO layer is shown in
Figure3-13(b). The narrow angular range of STO 002 reflection along the vertical direction

of the 2D detector further indicates that the STO film is epitaxially growheoB8RO NM.
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Figure 313. (a) Intensities of SRO 002 and STO 002 reflectama function of position
along a line crossing the edge of the SRO NM, measwitd synchrotron Xray
nanodiffraction. ) Individual Xray diffraction pattern with STO 002 and SRO 002
reflections acquired with the-pay nanobeam illuminating the SRO seed and epitaxial STO
layer. The horizontal angular axis of the diffraction plane is in the scattering plane and is
labeled withcorrespondingvalues of the wavevector. @ he vertical axis isngle out of

the scattering angle. Dark lines arise from the insensitive area between quadrants of the
X-ray detector.

3.5 Discussion

The lateral crystallization results provide insight into tblative rates othe two
key nucleation and growth processes: (i) crystallization via the motion of
amorphous/crystalline interfaces from the seed crystals and (ii) the nucleation of new

crystals away from the seeds. The results of previous homoep&&abktudies of STO
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at 450 C have suggested that the amorphous/crystalline crystallization front can propagate
over a distance of at least 0.5 um before impinging on nuclei away from the initial
amorphous/crystalline interfaéeThe use of vertical thifilm geometries to study the
relative rates of nuclean and growth processes, however, was limited because the
maximum seeded growth distance without nucleation was limited by the film thickness.
Lateral crystallization distances from nanoscale seed crystals are orders of magnitude
greater than the film tbkness and can allow these phenomena to be investigated. The
present results indicate thithe seededrystallization fronts propagate at least 2 um before
impinging on separately nucleated crystals. This distance is far larger than the previously
estimatel value of 0.5 pm using STO/STO tHilm homoepitaxy experiments.
Crystallization over microscale distances occurs without nucleation within the
amorphous STO, at the surface, or at the STQ/Biterfaces. Based on these results, it
appears to be possible to crystallize STO and other similar pemsgkittures in complex

nanoscale architectures starting from individual seeds.

The lateral crystallization rate is apparently independent of the crystallographic
orientation of the crystallized STO. The constant crystallization rate observed in the presen
experiments with STO has also been observed in other oxide systems with similar crystal
structures. An isotropic lateral growth rate was observed, for example, in the crystallization
of amorphous perovskite oxide Pb(Zr, T#)@ZT) thin films from preformed PZT seed
islandst® SPE studies of CaT&XCTO) show hat the growth rate in <001> directions is
only a factor of three larger than in <010> directiéhighe SPE velocities for [001]
and [110] are approximately equélTogether, the results from PZT, CTO, and STO

suggest that comparatively isotropic lateral crystallization rates from seed crystals may be
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a gereral phenomenon in perovskite oxidébe apparently isotropic lateral growth rate of
STO and other perovskimxide crystals indicate that the rdimiting steps in the
crystallization process occur within the amorphous STO rather than at the
amorphousiystalline interface, which may include rearrangement of the anion bonding

configuration or other changes of the amorphous structtifés.

The crystallization from the SRO NM shows that #e=d crystalsletermine at
least some aspects of the crystal orientation during lateral crystallization. There are isolated
areas in Figur8-7, for example, in which thers & clear influence of the SRO NM on the
orientation of the crystallized STO. The remaining areas of lateral crystallization, however,
do not have a welllefined relationship. The lack of an epitaxial relationship in these
regions may be caused by the pbgkrough edge of the transferred SRO NM seed, which
was not specifically prepared for epitaxial growth. Future preparation of SRO NM seeds
with flat, straight, and crystallographically oriented edges may improve the lateral epitaxial

growth of the STO fm.

In systems other than perovskite STO, seeded crystallization of oxides with single
crystals is an effective way to control the crystallographic orientations of the crystallized
ar ea. -Al#®7ggains with the same orientations as the seeds weievadhby
crystallizing an amorphous ZDs | a y e r -Af2®3 semds. Bpitaxial Nb:TiQ crystals
with lateral sizes up to 10 um were formed by crystallizingamorphous Nb:Ti©layer
from CaNbzO10 nanosheets with-im-thick epitaxial Nb:TiQ secondary seed layéts.
Nanoscale seed crystals may thus be utilized to control the orientations of the crystallized
films in localized area or confined geometries. The methods presented in this work should

thus be applicable to other materigisluding other perovskite oxidesd metal oxides.
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3.6 Conclusions

The lateral crystallization of STO can be initiated at selected locations using seed
crystals.The lateral crystallization rates from both STO and SRO seeds are close to the
SPE growth rate on a planar substrétiea relatively low temperature of 450 °@obed
here, the kinetics of crystallization favor crystal growtound the seedsather than
nucleation away from the seeds. Following the nucleation at the seeds,
amorphous/crystalline STO interfaces propagate over mimale distances without

impinging on other separately nucleated crystals.

Crystallization from the amorphous form with seed crystals has the potential to
create complex oxide nanostructuresnosther complex geometries because the structure
and morpholog of the NM and nanocrystalline seeds are highly versatile two seeding
strategies probed here provide essentially similar results, which indicates that our
approaches can be generalizBdnomembranes, such as the SRO NM seeds presented
here can be a&nsferred to specific locations in order to select the locatmhn
crystallization. Similarly, isolated nanocrystalline islands can be produced in selected
locations via the methods described here and used to seed the lateral crystallization. The
results from the present STO/STO and STO/SRO seeding systems should be also
applicable to the creation of other homoepitaxial and heteroepitaxial nanostructures due to

high degree of similarity among the structural and chemical properties of perovskite oxides.

Thecreation of complex oxide nanostructuresmnoother complex geometries will
enable new applications. For examptbe interfaces between epitaxial lanthanum

aluminates and Tigtermined STOexhibit electrontransport phenomena showing that
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there is awo-dimensional electron gad the interfacé?? Theseinterfacescan presently

be synthesiz only in planar geometries, but they chave potentially widespread
applications iBD nanoscale geometriégcause of their promising electronic properties.
Integrated circuits based on LaAlSITiOs heterostructures have been demonstréted.
Our study provides the opportunities to integrate those epitaxial oxide interfaces in devices

with 3D nanoscalgeometries.
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Chapter 4: Solid-phase epitaxy of PrAlOs films grown by atomic

layer deposition

4.1 Introduction

Ohtomo and Hwang reported in 2004 that a-thraensional electron gas (2DEG) can be
formed at the interface between LaAl@nd SrTiQ, two insulatingperovskite oxide$.This
interface ha been extensively studied since that initial report, with the discovery of a large number
of other related electronic phenomena including superconductivity and maghetigamious
combinations of other oxidecompounds such a®NdAIO3/SrTiOs, PrAlOs/SrTiOs, and
NdGaQ/SrTiOs form interfaces that areanalogous to theaAlOs/SrTiOs interfaceandcan also
produce 2DEG® Those epitaxial compleaxide heerostructures have been mostly fabricated by

pulsed laser deposition (PLD) or molecular beam epitaxy (MBE).

The creation of oxide interfaces exhibiting 2DEGs has been limited to planar geometries
by the kinetic and geometric considerations of crystal growth from the vapor phase. As described
throughout this thesis, sdiphase epitaxy (SPE) can be used to create epitaxial oxide interfaces
with intricate geometries because this process faces a different set of kinetic constraints. The
kinetics of SPE growth of amorphous Sr¥iin films created by sputter deposition were
described in Chapter 2 and Chaptét%.Onemethod for creating oxide films with SPE involves
using atomic layer deposition (ALD) to grow amorphousB& oxide thin films at low
temperatures and followed lex situcrystallization into epitaxial AB&thin films ¥4 ALD can

be used to deposit thin films with precise control of the thickness and can be used to deposit
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conformal thin fims on highaspectratio structures. In both cases, the key feature of the ALD

process is the selimiting growth mechanisn’

ALD has been widely employed for the deposition of binary oxides that can be used as
high-dielectricconstant gate insulators in fietdfect transistors fointegrated circuit$%&1°
Studies of the use of ALD to create ternaride thin films are, however, more limitbécause
of the difficulty in controlling the two metal ion atomic ratios and the impurities in the deposited
films.161821 One way to deposit ternagxide thin films by ALD is to combine the separate
deposition processes for binary oxides and adjust the pulsing ratio to get the desired stoichiometry
because the growth rates per cycle for both binary oxides are often ditfeféxe ratio of the
number of cycles usddr the deposition of each binary oxide is termed pulsing ratio?Aditee
different optimum deposition temperatg for the binary oxides may lead to a narrow or-non
existent temperature window for the deposition of ternary oxides. The A/B atomic ratio in the ALD
of a ternary oxide AB®cannot be selected by simply adjusting the A/B pulsing ratio because the
atomicratio is often not proportional to the ALD pulsing radfé? For example, for the ALD of a
ternaryoxide SrTiQ thin film, the atomic ratio of Sr/Ti of the deposited film is not proportional
to the Sr/Ti pulsing ratio. A SrTi€xhin film with a Sr/Ti atomic ratio of 1:1 can be deposited by

ALD with a range of Sr/Ti pulsing ratios varying from 0.67 to ¢:82.

Lanthanide aluminum oxide LnAK(Ln = La, Pr) thin films have previously been
deposited by ALD using a lanthanum precursor, an aluminum precursor, and an 8xftfant.
Seltlimiting growth of stoichiometric LaAl® films was achieved with the use of the ALD
precursors La(thd) Al(acack, and ozone. An important problem with this particular process was
that the resulting LaAl®films contained 0.8..9 atomic % carbon and 0.3 atomic % hydrogen as

impurities?! In another study, the precursors' PaAMD)s, trimethylaluminum (TMA), and water
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were employed to deposit LaAdGilms. The deposited films contained less than 1 atomic %
carbon. These films were, howay Al-rich and there was no way to control the composition
precisely because the process did not exhibitligeifing growth?* PrAlOs films have been

deposited by ALD using Pr(amg)AIMesz and wate> Among the several samples reported, the

composition closest to the stoichiometry is.#34l 08503 using the Pr/Al pulsing ratio of 32%.

The deposition of amorphous ternamyide thin films with the desired stoichiometry and
without impurities can be achieved with tbesign of new ALD chemical precursors ahe
development of new ALIproceduresA previous studyshowed that phase pure, epitaxial and
misfit dislocationfree BiFeQ (001) thin films can be achieved on (001) STO substrates through
a combination of the use of new ALD precursors for the deposition of amorphoussBifieO
films and the SPE growtl.A similar strategy is expected to work for the growth of epitaxial

lanthanide aluminate thin films.

This chapter describes a series dafllaborative studies that have resulted in the
development of new lanthanide precursors. The collaboration was facilitated through the
University of Wisconsin Materials Research Science and Engineering Center (MRSEC). The new
precursors were designed, dyesized, and used for ALD deposition by Wathsala Waduge and
Navodalayakodiarachclin the laboratory of Professor Charles Winter at Wayne State University.
The characterization of the lanthanide aluminate films shows that the film compositions can be

contolled precisely because the new precursors exhibitisgting growth.

Creating epitaxial PrAl&SrTiOs interfaces by SPE requires several important steps: (i)
developing new ALD precursors and procedures for the deposition of stoichiometric amorphous
PrAlOs thin films with high purity; (ii) understanding the differences in between the crystallization

kinetics of amorphous PrAdeposited on substrates that present crystalline surfaces and the
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crystallization on amorphous substrate surfaces; ancli@jacterizing the microstructures and

interface structures of the crystallized thin films.

The novel Pr precursor synthesized at Wayne State University for this study was
tris(isopropylcyclopentadienyl)praseodymiwwhichhad the chemical formula Pr(iPsid4)s. The
ALD procedures for depositing PrA¥@iIms used precursors of Pr(iP#ds)s, TMA, and water.
All of the precursors exhibited sdifiting growth. The deposition process exhibits an ALD
window and can be used to deposit PrAflins with constant Pr:Al ratios and without carbon
contamination. The films are, however, not exactly stoichiometric with this set of precursors and,

as described below, have approximately 20% excess Al.

A series of crystallization experiments revediattthe crystalline order of the substrate
surface plays an important role in the crystallization kineticsdémosited PrAl®@ films on
SiOY/Si substrates, which lack crystalline order, remained amorphous even after heating at 1000
°C for 8 h. Epitaxial FAIOs films on crystalline (001) SrTigSTO) substrates were achieved after
crystallization at 800 °C for 3 h. The examination of the interface structures shows that an epitaxial
2-Al20s layer formed at the interface during the growth by ALD and the»agiteelationship of

the crystallized film on STO was actually [001] PrAlD[001] Al2Os // [001] STO.

The exi st enc e-Ab®;layertpeintsitopotentiaf daectiore for fuiure work,
including the electrical characterization of the irdeds in the epitaxial PrAED -Al20s/STO thin
films and the direct growth of pure amorphous Pr&itths on STO by ALD. If the direct growth
of pure amorphous PrAdon STO can be achieved, the study of the crystallization kinetics of
amorphous PrAl®@on STO can be further conducted for the realization of using nanoscale seed
crystals to create complexide nanostructures with interesting electrical properties at the

interfaces.
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4.2 ALD growth of PrAlO s films

The ALD development and growth of PrAI@Ims conducted by Wathsala Waduge in
Prof. Winter 6s gniversitphava beeniipgrtadan aSdllaboramanuscript
that has been submitted for publicatfdThe keyaspects of the synthesis and deposition process

are reported in this section.

The ALD procedures to deposit the binary oxidegOPere separately developed and
then combined with the standard ALD procedures @DAko deposit PrAl@ films. First, the
deposition of PiOs was explored using the new-8ontaining precursor. The ALD procedures to
deposit P1Os were developed using PP{iCHa4)s andwater. The deposition studies revealed an
ALD window for the growth of POswith a constant growth rate of 0.85 A/cycle from 275 to 325
°C. A standard ALD process using TMA and water as precursors for the growtbQafwds
employed in thistudy because the growth rate ob®d with this process is 1.0 A/cycle at 300
°C 28 The close growth rates between®rand AbOs allow the deposition of PrAI&fiims with

Pr:Al atomic ratio close to 1:1 using a 1:1 Pr/Al precursor pulsing ratio.

The experiments combining the two deposiwocessesfor PrOs and AkOs indicated
that selflimiting growth of PrAIG films can be achieved at 300 °C watipulsedurationof greater
than or equal to 3 s fdétr(GHa4iPr)s, a pulsedurationof greater tha or equal to 0.1 s foklMes,
and a pulsaduration of greater than or equal to 0.fos water Figure 41 shows one ALD
supercycle that was employed to deposit PeAlltns with a 1:1 Pr/Al precursor pulsing ratio in
this study. The detailed pulse andgel sequences and durations are also shown in Figlre 4
Depositions were conducted on both Si substrates with native oxide and thermanS8D

substrates. The Si substrates with native oxide are termefSBE#80bstrates, as used throughout
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this thess. The thermal Si©on Si substrates are termed SEDbstrates in the following text.

Similar growth behavior was observed on both substrates.

1 ALD supercycle

10.0s
Y

Pr(CsH4iPr);10-08 | water 0.0 AlMe, |5.0s
4.0s 0.1s

T

Water
0.1s

Figure 4-1. Pulse and purge sequences and durations for the deposition ofsFitk©

The temperature dependence of the growth rates of Bfii@& was explored in a series
of deposition experiments. An ALD window was observed for the growth of BifiMias, shown
in Figure 42. The growth rate of PrAlQs constant and has a value of 1.7 A/cycle in a temperature
range from 275 to 325 °C. The increase of the growth rate at 375 °C may originate from the thermal

decomposition of TMA or Pr(iPrEls)s precursor®
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Figure 42. Growthratesof PrAlQOs at different deposition temperatures using Pr(ibH@)s, TMA
and water precursors with 250 cycles on #8Dsubstrates.
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4.3 Characterization of the as-deposited PrAlGs films

4.3.1Composition of the asdeposited PrAlQ;s films

The elemental composition of the@sposited PrAl@films and the oxidation state of each
element were characterized using-ray photoelectron spectmgpy (XPS). The XPS
characterizatiorwas performed with a Therm8cientific K-alpha XPS spectrometer using a
mi crof ocused mo n-mysourceXPs measurerdnts Weke acquired for two 41
nmrthick PrAlQs films deposited on Si¢lSi and SiQ substrates at 300 °Che XPSspectra and
depth profilesof those two sampkshow essentially the same results. Only the XPS spectra and
depth profile of the film deposited on the S&hbstrate are shown and discussed here. Fig8re 4
shows the XPS spectra of O 1s, Al 2p and Be8ar a PrAIGs film deposited on a Sig€substate
at 300 °C. The binding energies of Ols, Al 2p and Br @d529.4 eV, 73.3 eV and 933.3 eV
match well with the reported binding energies of those elements in the PphARE*3? The
satellite peak of Pr 3dat the binding energy of 929 eV has also been repdttédt.is common
that for the XPS measuremaitPr 3d/., a satellite peak appears at a binding energy of 4 eV lower

than the peak maximum and the satellite peak has an intensity of 40% of the méfh peak.
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500
i o o 5000
fnj 3000 393 400 foj
2 1) £ 4000
< 2000+ < 3001 z
= Z 2004 £ 3000
g 1000 5 <
E £ 100 £ 2000,
0= : T 0 . , : 1000 T T T
525 530 535 540 70 75 80 925 930 935 940
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 43 XPS spectra of O 1s, Al 2p and Ps3tbr a PrAlGs film deposited on &iC: substrate
at 300 °C.
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An XPS depth profile was acquired to determine the elemental composition as a function
of the depth into the adeposited PrAl@film. The film was progressively removed by ion
sputteringusing a Af ion sourceSpectra were agiired for the SRp, C1s, Al2p, Pr3d, and O
1s spectrafeatures Figure 44(a) shows the XPS depth profile @PrAlOs film depositecon a

SiOz substrate at 300 °Glo Si signal was observédr any depth in the film.

Figure 44(a) presents the atomic percentages of the elements C, Pr, Al and O as a function
of Ar* etchingtime. Theatomic percentage of each elemeascalculatecbased on thpeak area
of the spectra fo€ 1s Pr3d, Al 2p and O1s shown in Figure-8 using the Thermo Avantage

software (Thermo Fisher Corporation). The details of the calculation are shown as below.

The intensities constituting the peak above the background intensity are the signal from the
electrons for a given transition of a specifiereent. The number of electrons for a given transition
is proportional to the number of atoms. For an element A, the intensity of alpeak thus
proportional to the number of atomNaj. Each transition, such as C1s, Pr3d, or Al2p, has a
probability d occurring and being detected, which is defined as the sensitivity f&oiof that
transition. The detected number of electrons can also be affected by the depth of analysis, which
corresponds approximately to the inelastic mean free path of eledrah depends on the
composition of the material. An energy compensation fad@H is used to correct for the
inelastic mean free path tedhThe following equation thus can be obtained:

‘O
N3 O

Equation 41

A guantitative calculation of the atomic percentage of each element can be conducted by

considering the intensity peak area of #pectra with a background subtraction for different
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elements. A variety of background algorithms can be used to calculate the pedldarealinear
Shirley background subtraction algorithm was used in this sty he normalized peak area
can be obtained from the peakea considering the sensitivity factor and energy compensation

factor with the following equation:

Equation 42

In Equation 42, N& is the normalized peak area considering the sensitivity factor and the
energy compensation fact& is the peak area of the element A with the background subtracted.
The sensitivity factors in the | ibrarwsed ALTHEI
for the analysis of the XPS data in this study. The energy compensation factors were also accessible

in the Thermo Avantage software, which are the average values derived from a reportéd study.

With the calculation of the normalized peak area for elem®&nB C and D, denoted as
NS, NS, NS and NS, the atomic percentage of element fA) (can be calculated with the

following equation:

OYzpTmm
0Y 0% 07°%Y 07Y

0

Equation 43

The calculated atomic percentages of different elements deperde choice of the
algorithm for background subtraction, the different libraries used for sensitivity factors and energy
compensation factors. The resulting atomic percentages can be different even with the same

measured data. XPS can measure the alesaloimic concentrations within an accuracy of +



95

10%37 XPS is good for quantitative comparison studies, but not for measurements of absolute

numbers because of the uncertainty.

The atomicpercentages of the four elements of a PeAlin on SiC: were determined
with Equation 42 and Equatiod-3 using the Thermo Avantage software, as plotted in Figure 4
4(a). Therapid variationof the composition value for the fir&0 s wascaused by thpresence of
adventitiousC on thesamplesurface.The atomic percentage of C on the sample surface is 25%.
The atomic percentage of C is 1% at the etching time of 420 s and 1470 s, and 2% at the etching

time of 540 s, 1050 s and 1260 s.

The validity of the atomic percentages of C in the sample can be verified by examining the
XPS spectra of C 1s. Figuredb) shows a stack of tiPS specuof C 1s at different depths of
thesame samplé&here is an obvious peak at a binding energy of 285 eV for th&wmesf C 1s
on the top sample surface, indicating that there is a measurable concentration of C on the sample
surface. After the beginning of the etching process, however, the C peak is no longer measurable

under these acquisition conditions.

The observe atomic percentage of C of 1% or 2% determined for regions inside the film
at a few depths using the process above may thus not be accurate because no C 1s emission peaks
were observed at those depths. Figudad) shows thaverage ofl0 spectra of C Imeasured at
different depthgnside the film The C 1s emission peak was also not observed in the average
spectrum. Obvious peaks can be observed in the XPS spectra of a specific transition of an element
when the atomic percentage of that element is egual more than 2%. The observed atomic
percentages of C vary slightly depending on the method used for the subtraction of the background.
The resulting atomic percentages of C are, however, all below 2% no matter which method is used

for the subtractiorof the background. The average of the measured atomic percentages of C at
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different depths inside the sample is 0.1%. C exists on the sample surface in the deposited film.
The average atomic percentage of C inside the film detected by the XPS scansheséer t

acquisition conditions is 0.1%.

In this study, the standard deviation of the values of the atomic percentages of the C, Pr,
Al and O elements at all measured depths excluding the first data point measured for the
composition of the sample surfaceegual to or lower than 0.6%. The small standard deviation
indicates thathe overall Pr:Al atomic ratiois constant through the top layerstbé films. The
XPS measurements did not provide information about the composition of the interfacial layer
betweerthe film and the substrate because theeiching time was not long enough to reach the

interface.
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Figure 4-4. (a) XPS épth profileof a PrAIG film deposited on a SiGubstrate at 300 °C. (b) A
stack of the XPS spectra of C 1s at different degittiee PrAIQ film deposited on a SiQubstrate
at 300 °C. (c) Thaverage ofL0 spectraof C 1s measured at different depifiside the film

A more accurate measurement of the Pr:Al atomic ratios in tde@ssited PrAl®@films
were obtained using electron probe microanalysis Matay wavelength dispersive spectroscopy
(EPMA-WDS). The EPMAWDS measurements were conductedsy J. H. Fournellan the
Department of Geology and GeophysatdJniversity of WisconsifMadison Synthetic PrPQ@
was used as the reference standard for the measurement of the amount of Pr element in the films.
Al203 was used as the reference standard for the measurement of the amount of Al and O elements

in the films. Si was used as the referencandard for the measurement of Si element.
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CharacteristicX-ray intensities from thasdepositedilms andthe reference standard®rPQ,
Al203, Si) were acquired ahree different incident electron energies ofL8 and 2(keV. The
compositiors of the dfferent elements in a film wermetermined by fitting the datat the three

incident electron energiagth a thin film model using a commercial progr@fMRATAGem3®

The Pr:Al atomic ratios of the films grown with 1:1 Pr:Al precursor pulsing ratio at
different temperatures within the ALD window were determined by ERMBAS and are shown
in Table 41. The Pr:Al atomic ratios for the films deposited at temperatures 08280350 and
375 °C range from 1:1.25 to 1:1.3%e growth rateof the binary oxide#l203 and P£Os within
the ALD window were 1 A/cycle and 0.85 A/cyclerespectively?® The Pr:Al atomic ratiowas
estimatedo be 1:1.1&ased on the growth ratesAl>Os and PtOs. The measured Pr:Al atomic
ratio usingePMA-WDS is close to the estimated value. The Pr:Al atomic ratio of 1:1.71 for the
film deposited at 250 °C is higher than the atomic ratios of the films deposited at other deposition
temperatures. The higher atomic ratio might be caused by the lowsvitgadf the precursor

Pr(GsH4iPr)s toward the surface reactive sites at 250 °C.

Table4-1. Pr:Al atomic ratioof the PrAlG films deposited on SiflSi substrates within the ALD
windowusingEPMAWDS

Substrate Film Pr:Al PrAl
temperature | thicknes precursor tomic rati
(°C) (nm) pulsing ratio atomic ratio
250 51 1:1 1:1.71
300 41 1:1 1:1.25
325 37 1:1 1:1.39
350 33 1:1 1:1.26
375 44 1:1 1:1.26
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The Pr:Al atomic ratio determined by EPMADS differs from that derived from thePS
data. The difference arises because a standard XPS study employed here cannot provide accurate
measurements of the absolute compositions due to the uncertainty in treesanfaihe intensity
data to obtain the atomic percentages as discussed above. The XPS data, however, can guide
comparison study and are consistent with the reliable indication from BRMA& measurements
that the agleposited films are Atich. The key pece of information from th¥PS depth profiles
is thatthe overall Pr:Al atomic ratiois constant through the top layerstloé films and there is no
carbon contaminatiowithin the films The Ar" etching time in the XPS measurements was not
long enough taetect the chemical compositions of the films that are in contact with the substrates.
The TEM measurements described below, however, indicate that there are Pr/Al composition
variations at very short length scales on the order of nanometers at treceddrétween the films

and the substrates, perhaps due to pioigrilse variations in the ALD process.

4.3.2 Structure of the asdeposited PrAlO;s films

An asdeposited PrAl®@thin film grown by ALD on a SD2/Si substrate a275 °C was
characterizewith grazingincidence Xray scatteringmploying the methods described in Section
1.4 of Chapter 1The incident angles for PrAK®»n STO and PrAl®@on SiQ/Si were selected to
be 2.9° and 3°, respectivelyecause of the diffeneésample size of PrAldiims. The 2d angl
the center of the detector was 30° for all measurements. Hei(a@® shows a twalimensional
(2D) detector image spanning the rangedagles from 13 to 45° for a grazivcidence Xray
scattering of th asdeposited PrAl®thin film. The anglesis the azimuthal angle normal to the
2d di rintegratingdhe 2D detector imagkng the scattering ring azimuthal angle provides
measurements of t he sc at Figare 45()showsgrazmgncideyce a s a  f

X-ray scattering patterns acquired from a bare/SiGubstrate and the-deposited PrAl@thin
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film. The bare Si@Si substrate exhibits a featureless diowensity background. The -Kay
scattering pattern of the-@ieposited PxlIO3s includes a broad intensity maximum centereddat 2

= 30°, indicatinghat the agleposited PrAl®@layer is amorphous.

(b) ] As-deposited

Scattered X-ray
Intensity (a.u.)
o
>

SiO,/Si substrate
Posaga,

W
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20 25 30 35
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Figure 4-5. (a) 2D detector image spanning the range dafgles from 13 to 45° for a grazing

incidence Xray scattering study of a PrAK®hin film depositeen a SiQ/Si substrate at 275 °C

(b) Grazingincidence Xray scattering intensita s a f unct i forrtheastlepddittd angl e
PrAlOs film (black). Sattered X-ray intensity from the bare SuBi substrate (red) is shown for

comparison.
The thicknesses of the-deposited amorphous PrAJG@ilms were determined byrass

sectional SEMFigure 46(a) shows a crossectional SEM image of a PrAt@Im depacsited on a

SiOy/Si substrate at 275 °C. The film thickness is 41 nm.
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Figure 4-6. (a) Crosssectional SEM image and ()RR measurement ofPaAIOs film deposited
on a SiQ/Si substratat 275 °C The redine in (b) shows a calculated reflectivity curusing the
parameters given in the text.

X-ray reflectivity (XRR) measuremenprovide further information about the thickness
and roughness of the -deposited amorphous PrAdGhin film. XRR data were collectednd
analyzedusingthe same method introduced in the Section 2.3 of Chapkegwe4-6(b) shows
the XRR data of the same sample for which the film thickness was measured by SEM in+Figure 4
6(a) The XRR curve fit employed a thrésyer model consisting of the PrAd®@Im, native SIiQ,
and the Si substrate. The densities of the Sié@hd Si were set at 2.196 and 2.329 g3cm
respectivelyThere are not yet any availalikeraturereportsof the density of amorphous PrAJO
The densityof amorphous PrAl®@wasthusallowed b vary during the fitting. Théest fit to the
XRR data was obtained for amorphous PrAl&@film with a density of 52 g cm?®. The thickness
of the asdeposited amorphous PrAd@Im and the surface rmmeughness derived from thoest
fit are42 nm and0.6 nm, respectively. The thickness is consistent with the measuremaditlof
nm-thick PrAIGs film by SEM The small rms roughness of 0.6 nm indicates that toepssited

amorphous$rAlQOs film is smooth.
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4.4 Crystallization of amorphous PrAlOs; films

A seriesof heating experiments were conducted to find out the conditions to fully
crystallize the amorphous films. These experiments were first conducted with thes FIrPA$O
deposited on Sig€lSi substrates that had a-Ath composition with a constaRt: Al atomic ratio.

The films that had been deposited on #8Dsubstrates at 300 °C were heated to temperatures
ranging from 600 °C to 1200 °C by inserting the samples into a preheated tube furnace. The
crystallization conditions were slightly differemom those used for the STO samples described

in Chapter 2 and Chapter 3. In the case of PsAéCconstant ©gas flow was used during the

heating processes.

All of the PrAlGs films on SiQ/Si remained amorphous at an annealing temperature up to
1000 °C.The X-ray diffraction study of the sample heated to 1200 °C exhibiteayXeflections
for which the phases cannot be identified, which was possibly caused by the flow of materials and
reaction with the substrate. The sample after heating at 1200 °@darker blue areas with
circular shapes which are distinct from the rest of the substrate surface, indicating that the materials
started to melt and flow at this temperature. The sample heated to 1200 °C is thus not discussed

further below.

In order to tserve the possible transition of the amorphous materials into crystalline
phases for the PrAlXilms heated to different temperatures, grazimgdence Xray scattering
measurements were conducted with the sammayXdata acquisition conditions used fbe as
deposited amorphous film. Figure74shows the grazinmcidence Xray scattering pattern of a
PrAlOs film on SIGY/ S'i after heating at 1000 UC for 8 h.

in Figure 47 is similar to the maximum observed in #tedeposited film and no new crystalline
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X-ray reflections are apparent. The PrAl@dm remained amorphous even after heating at 1000

°C for 8 h. Compared to the scattering pattern of the amorphous#itkd@hown in Figure 4,

there is a slight broadeng of the angular distribution of intensity and the intensity maximum
shifts to 2d = 270 from 2d = 30U. The broaden
rearrangement of the amorphous structure, similar to what was observed at the ealpfstage

crystallization of STO on SifISi as discussed in Section 2.5 of Chapter 2.

Anneal 1000 °C 8 h
: 0.25

0.20+

Scattered X-ray
Intensity (a.u)

0.15

20 25 30 35
20 (deg.)

Figure 47. (a) GrazingincidenceX-ray scattering intensity for a PrAKfilm on a SiQ/Si
substrateafter heating at 1000 °C for 8 h. (b)2D detector image spanning tigeraf 2{ angles
from 13 to 45° for the data in (a).

Amorphous PrAl@ on singlecrystal (001) STO can crystallize into crystalline structures
at temperatures lower than 1000 °C, a temperature at which thesfitdi€©on SiQ/Si remained
amorphous. PrAl®films on (001) STO substrates were deposited with the same ALD procedure
as that was used for the deposition of PrAlins on SiQ/Si substrates. Figure-8(a) shows
grazingincidence Xray scattering patterns of a 286+thick PrAlOs film deposited at 300 °C
and a bare STO substrate. The bare STO substrate shows a featureless background for comparison.
The broad peak centered -adposidlPrAQfiBIMASTOMdi cat e
amorphous. Figure-8(b) shows the grazingcidence Xray scattering pattern of the PrAIGIm

after crystallization at 800 °C for 3 h. The intensity of the scattering in the amorphous peak



104

decreased to an immeasurably low level and only crystalline peaks are apparent in-Bigpdre 4
The resultsndicate that a 266m-thick amorphous PrAl&Xilm on STO can be fully crystallized
with an 800 °C 3 h heat treatment. The crystalline order of the substrate surface plays an important

role in determining the crystallization kinetics of the amorphous PyAli®.
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Figure 48. (a) Grazingincidence Xray scattering intensityor a PrAIGs film (black) deposited
on a(001) STGsubstrate aBO0°C. Scatteng intensity from the bare (001) STDbstrate (red)

is shown for comparisorThe intensity of the adeposited sample is shifted vertically by 0.3 to
allow the curves to be distinguished. The 2D detector image spanning the radgaglez from

13 to 45° for the aslepositedPrAlOs film is shown on the right. (b) Grazirigcidence Xray
scattering intengy of the PrAlQ film crystallized at 800 °C for 3 h. The corresponding 2D
detector image spanning the range dfahgles from 13 to 45° is shown on the right.

The phases and crystalline structure of the crystallized Bftd®on STO were examined
intwoseparate X ay di ffraction -dascaemant . aFwi se, 18
using theBruker D8 Advance diffractometer was conducted in order to determine whether other

crystalline phases aadsopresent in the crystallized PrAd@Im. The measurement consisted of
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4 steps withhe 2d angl e at t h positored atl®@°r 20°03P° andhd8, det ec
respectively. Figure-9(a) shows the sum of the scattereda) intensity from the crystallized
film of the 4step measuremerfigure 49(b) shows a stack of the 4 detector images with the 2
angles ranging from 0 to 65°. Each detector image hdaiagle range of 32°. All of the crystalline
peaks in Figure-@(a) can be indexed as arising from the crystabin®Os phase excdphe 002
reflection of the STO substrate at thé & 49 . The reflections were indexed based on the
pseudocubianit cell of PrAIG with a lattice parameter of 3.772*AThe much higher intensities

of PrAlOs 001 and 002 reflections indite that the crystallizeBrAlOs film is highly (001}
oriented, although polycrystalline grains in other directions are also present in tRehgli{@01)
oriented growth is more clearly visible from the corresponding 2D detector image in Fgfime 4

in which the PrAlQ@(001) and (002) reflections have a broad intensity maximum in a limited range

of 6 angl es.
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Figure 49. (a) Xray scattering intensity of the PrAt@Im on (001) STO crystallized at 800 °C
for 3h. The peak marked with a star is the diffraction from STO substrate. (b) A stack of the 2D
detector images at the 4 steps generally spanning the rangeaois from 0 to 65°.

The epitaxial relationship bseen the crystallized PrAKOfiim and the (001) STO
substrate was further examined by conducting a-highs o | #tdi osnc ad . The expe

method was described in Section 1.6 of Chapter 1. Figldrdd4 a ) ss-hdwscandof t
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crystallized PrAIGQf i | m on STO with a st e p-of-planedireciohof0. 0 4 A
the STO substrate. The PrAJO0L and STO 0OL reflections appear on the same rod of reciprocal

space, indicating that the amorphous Prafi®n transforms nto an epitaxial layer. The FWHM

of the rocking curve of the PrAK3001) reflection, shown in Figure(b), is 7°. Figure-4.0(c)

shows a scan of t he -pazeild3uefldctens ofdhe grystallized P@O t h e
film measured by the Bruk®8 Advance diffractometer. The four peaks corresponding to the 103
reflections of PrAlQappear at 90U intervals insfimhasndi cat
a fourfold symmetry. This result further demonstrates that the crystallized Hil&Qs epitaxial

and shares the samepfane orientation with the STO substrate.
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Figure 410. (a) Xray scatteringintensity along the substrate eokplane direction, (b) rocking
curvescanof PrAleX 001) ref |l ect i on-plane tl0O34fleclionsioftre®ral® of t F
film on (001) STO crystallized at 800 °C for 3h.
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4.5 Characterization of the interface structure

The X-ray characterization reported in the previous section shows that thesRiIAI®
are epitaxial when crystallized on the (001) S$dabstrates. Beyond this overall orientation,
however, the Xray measurement also indicates that the (001) reflection of the crystallizecsPrAIO
film has a large mosaic width of 7°, which shows that the film has a highly defective
microstructure. Characieation of the interface structure between the film and the substrate is
necessary to understand how to create epitaxial BrAl@s with a smaller mosaic width.
Scanningtransmissionelectron microscopy (STEM) microanalysis is a good tool to provide
detaled information about the microstructures of the film and the interface. The STEM
measurements and crystal structure analysis in this section were conducted by Dr. Peng Zuo at
UW-Madison through a collaboration supported by the University of WisconsinB@R3n
abrupt change of compositions was observed at the interface between thefiimnfd@d the STO
substrate. An eApOstagexwitad thicknesg of seaeral nanoraeters formed at
the interface between the amorphous PeA#@er and the (001) STO substrate during ALD at 300
°C. The asleposited amorphous and crystallized PrAlilns have uniform compositions and

structures.

The microstructure of an akeposited 20&m-thick PrAIGs film grown on (001) STO at
300 °C was prioed with STEM higkangle annular darkeld (HAADF) imaging, shown in Figure
4-11(a). The HAADF image appears brighter for the part of the sample with a larger atomic
number (Z), because the contrast in a HAADF image is approximately proportiosalte s
deposited PrAl@film and the STO substrate appear at the top and bottom of the image in Figure
4-11(a), respectively. A dark layer with a different composition appears at the interface between

the film and the substrate.
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Figure 411(b) shows a largenagnification of the interface structure marked with the red
box in Figure 411(a). The interfacial layer ism thick. Energy dispersive-Ky spectroscopy
(EDS) was conducted in the STEM for the same sample. Figlii€¢c)} shows the STENEDS
line profles of the Pr and Al elements across the sample interface. The EDS line profiles of the Pr
and Al elements indicate that the concentrations of Pr and Al are constant throughout the top part

of the asdeposited film and only Al is present in the interfatager.

200 400 600
Intensity (a.u.)

(b)

- w

Figure 411. (a) STEMHAADF image of an asleposited 20&im-thick PrAIGs film grown on
(001) STO at 300 °C. (b) STENAADF image of the interface of the sample marked with the red
box in (a). (c) STEMEDS line profiles of Pr and Al elements ass the sample interface.

A series of straightforward compa+Aiz&ons su
phase. Figure-42(a) shows a STEMIAADF image with a higher magnification of the same
sample measured in Figureld. This image showsdhthe Atrich interfacial layer is epitaxially
grown on the STO substrate. The atomic planes of the interfacial layer align well with the STO
substrate and have atomic spacings -AOshaka 95 |
cubic structurewith a lattice parameter of 7.911*AFigure4-12(b) shows &chematic of anit
cell o f -Al#Ds viewed along [010] directiorilhe spacings between Al atoms along both [001]

and [100] directions o§-Al20s are 1.975 A, very close to the atomic spacings of 1.95 A of the
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interfacial layer observed in Figurel2(a). This comparison suggests that therfacial layer is

2-Al20zand it is epitaxially grown on STO.
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Figure 412. (a) STEMHAADF image with a high magnification of andsposited 20&m-thick
PrAIOsf i | m grown on (001) STO at 3AOzvieedaloggb) Sch
[010] direction.

The f or mat i o n-Alfflaya betweep the adepasieed amorphous PrAdO
film and the STO substrate during deposition may affect the crystallization of the amorphous
PrAlOs film. STEM analysis of the film crystallized at 800 °@ 3 h provides more insight into
the epitaxial relationship between the film, the interfacial layer and the substrate. Fitgire 4
shows a STEMHAADF image of the 20&m-thick PrAIGs film deposited on (001) STO and
crystallized at 800 °C for 3 h. Consistevith the observation in the-iy diffraction studies, the
crystallized PrAIQ film is highly (001)}oriented. he atomic plaes of the PrAIGf i | m,- t he ¢
Al20s layer and the STO substraggpear in the sam&00 zone axis The [001] and [100]
orientationsof PrAlOs alignwitht h e or i e nAl2@:tand &G Figure -43shows the
localized structure of a part of the sample measured with STEM. The slight misalignment between
the film and substrate observed here is due tontls®rientation of the PrAl®lattice in the

particular area imaged in Figurel8. The misorientation observed in Figurd3lis consistent
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with the wide mosaic width of the PrA4Q01 reflection observed usingrdy diffraction in Figure

4-10(b).

The (0@)-o r i e fAL@s imterfacial layer existed between the PrAfm and the STO
substrate before crystallization and the interfacial layer remained after crystallization. The
crystallization of amorphous PrA}® hus actual | y -AlXOqaodthe @ydtalloen ( 00 1
structure of the interfacial layer was not affected by the crystallization prodessepitaxial
relationship of the crystallized sample is actually [001] PeAIQ001] Al2O3 // [001] STO. The
original amorphous/crystalline interfacerustture plays an important role in determining the

crystalline structure of the crystallized film formed by SPE growth.
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Figure 413. STEMHAADF image of a 20@6mthick film deposited on (001) STO and crystallized
at 800 °C for 3 h.

The examination of # crystal structures of tteeAl20s and STO crystalline phases and
several literature reports about the growtho@l203 films on (001) STO substrates can help
explain why an epitaxial-Al20s layer forms on (001) STO in the growth of amorphous PsAIO
films by ALD in this study. With the formation of an interfacdahl 2Oz layer, further examination
of the crystal structures of PrAt@ndo-Al20s crystalline phases can help understand why the

crystallized PrAIQfilm has a wide mosaiwidth of 7°.
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Theexaminationofthe r y st al s-Al#OwandtSUTO carsexptain whanepitaxial
cryst d&l0slayerdormedon (001) STO duringhe deposition. STO has a cubic structure
with a | attice pa-Alzghasaeubic structu@ withtlice parameted of 2
7911 A%*2The | att i ce-AlfDais about tivieerthataof STO. Figurel4 shows
schematics of t-Algs;(@I)6urfaced Oidwed abbmyd001) directions. The
oxygen subl att i cAl2spbases closelymatS Althoughriheg cation sublattices
of those two phases are differ eAi03is1B%.elThel at t i c
close oxygen sublatecs and s mal | | a t-AliOgteegrom epstaxially anf001@ na b | e

STO during the deposition.
STO (001) v-Al,O, (001)
gﬁ 2ag, —>
0 Qo
Ti © © o
o °©0
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Figure 414.& hemat i cs o f -AlgF(Q01)(srfacks)vieveed alongp[001] direction.

More specific studies in the literature aboutghe o wt h o f oAlDxjayeespn t ax i a
(001) STO revealed the f unda me-AliOaphaseome(@h)a ni s ms
STO. E piAlCa bayiera Wvereagrown on (001) STO using ALD, MBE and PEfS. A
previous ALD study reported that Z); phasewith different crystalline order forms at different
deposition temper atAk®:phasdamsdn ST® wHeraTMA wad usechag o

the precusor®® The ALD growth of only AfOs phase on (001) STO substrates was carried out
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using TMA and water as precursors at deposition temperatures-8480* The asdeposited

Al20s film was amorphous at a deposition temperature of 200 °C and-tepasited film was

e pi t aAkOsarystalbne phaserhen the deposition temperature was etpal more than 300

°C* The rection between TMA and STO can lead to the formation e®Aat 300 °Ceven

without supplying HO.** TMA was one of the precursors for the deposition of amorphous BrAIO

films and the growth rate of ADs was larger than that of s in this study. The easy reaction

between TMAand STO may | e ad -Al20:phadeat thefinterfaceabetiveemtheo f o
PrAlOs film and the STO substrate, and the deposition temperature of 300 °C causes the formation
of epitaxi-AbOspchraysset.alTheree i t axi-Ad0sfilghs an@dlh of ¢
STO has also been extensively studied using other deposition methods including MBE at
temperatures of 46800 °C and PLD at temperatures of ZID °C***®High-qu al i t y -epi t a X
Al20s thin films can be grown on (001) STO by PLD even at room temperature, which provides

the opportunities to fabricate nanoelectronic devices based on &Xides.

With the understanding why epitaxialAl20s layer formed at the interface between the
asdeposited amorphouBrAlOs film and the STO substrate, the examination of the crystal
structures oPrAlOsanda-Al203 phases can help explain why the crystalliPefllOs film on top
of 9-Al203 has a wide mosaic widtfl.he interfacial epitaxiab-Al2Os layer plays a key role in
determining the crystalline structure of the PrAl@m after crystallization. PrAl®@ has a
rhombohedral crystal structure with lattice parterea = b = ¢ = 5.304 A attE 1 = 9= 60.32°.

The crystal structure of PrAXxan be considered as a pseudocubic structure with a lattice
parameter of 3.772 A or it can be considered as adactered cubic structure with a lattice
parameter of 7.544 AFigure 415 shows the schematics of PrAl(D01) anda-Al2Os (001)

surfaces viewed along [001] directions. Similar to the epitaxial growdhAd$Os phaseon STO
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shown in Figure 4.4,PrAlOs can grow epitaxially on-Al203 because athe good match otheir
oxygen sublattices as shown in Figur&3l The lattice mismatch between PrAENhda-Al20z s,
however, as large as 5%. The large lattice mismatch leads to the formation of an epitaxial PrAIO

film on o-Al203 with a wide mosaic width of 7°.

PrAlO, (001) y-ALO, (001)

Al

Figure4-15. Schematics of PrAKQ001) and>-Al203 (001) surfaces viewed along [001] direction.

4.6 Future work

4.6.1Electrical measurements

The original goal of this study was to form epitaxial Pr&&T O heterostructures by SPE
and characterize the electronic properties of the interfaces. With the formation of the epitaxial
Al20s layer between the epitaxi&8rAlOs film and the STO substrate discussed in the previous

sectionthe new interface struates can still possibly have promising electronic properties.

The formation of a 2DEG atthent er f ace bet wM@andi(0b1g STOp i t a x|
was reported in the literatuf&*® Because of the Iter lattice match and the walkfined interface
struct ur eAlz2sand &TOetheir imterface exhibited an even higher mobility than the
perovskiteoxide heterostructuré$*® The el ectr oni ¢ -Ab@uSPpesystemes o f

depend on the deposition methods, t h-Al20gr owt h
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layer®®44%The results of the eJA@STOIsystan reporedisther e me n
literature are briefly summarized as below. The sample witma-6 h i -&lkOslayer on STO

grown by MBE at 700 °C had an electron mobility of 3106 ¢rhs? at 3.2 K and a mobility of

22 cnt Vst at room temperatud.The el ect r onAlX8S00 ihterfacg can be a 9o
larger than 16cn?Vistat 2K for  -#l2Qalayer grown byPLD at 600 °C, with a thickness

larger than 2 unit cells (u.c.) but smaller than 3*tiFor a 2.5nmt h i -AlkOs layerdeposited

by PLD at room temperature, the @f®n mobility is 3200 crV-1st at 2 K*° For a2.1-nm-thick

2-Al20s3 layer grown by ALD at 345 °C, the electron mobility is 3000%¢ms? at 15 K* The

presence of oxygen vacancies on the STO side close to the interface was reported to be the
mechani sm causi ng t h eAl:0:s6TOmetfaces'T4%0’ PostAdpdsiGnat t h e

annealing in oxygen reduced the carrier density and suppressed electron capdgit4ndi*’

Given the promising -AlkOg cStTrOo nind eprrfoapceerst,i @ s 0Oc
into the electronic properties of the PrAIOAI20s/STOsampledefore and after crystallization
of the amorphous PrAl{ayers as a future work. The following questions might be of scientific
i nt er est s:-ANSTO mterfaceg pnepared in this dyuby ALD also have oxygen
vacancies and thus have hi gANOdayeesarte covened with b i | i t
the amorphous PrAlgayers; If they have, whether heating RPfAIOs/Al20s/STO samples in
oxygen can also reduce the cardee n s i t yAl2@tSTCt inteefaces depending on whether

PrAlOs can function as a barrier layer.

4.6.2Composition of the asdeposited films
As discussed i n t he-Apslayerformnadsat the enterfacetwetausea n e >
of the larger growth ratef Al2Os than that of PXOs andthe easy reaction between the precursor

TMA and STO. The creation @pitaxial PrAIQ/STO heterostructures by SPE still requires the
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deposition of pure amorphous PrAl@ms on STO substrates without extra interfacial taye

Future work might include the optimization of the composition of thdeg®sited films by

matching the growth rates of2@s and AbOsto create pure PrAl&films on STO. The growth

rate of P¥Os has already been increased by using thesPifEr)s precursor in this study compared

with the prior Pr precursofé.NavodaJayakodiarachchi n Pr o f . Winterds grou
University is now developing of other Pr precursors to have higher growth ratesOeftlrat

match the growth rates of Az using the TMA and water precursors. Anotisénategy is to

change the ALD precursors for the growth ot@dwith lower growth rates. For example, the

growth rate of AlOs using TMA and isopropanol is 0.8 A/cycle at 250 °C, closely matching the
growth rate of P¥0s of 0.85 A/cycle using the PréB.iPr)s and water precursors reported in this

study?®

4.6.3Crystallization kinetics of amorphous PrAlOson STO

As introduced in Chapter 2 ar@@hapter 3, the study of the crystallization kinetics of
amorphous oxide layers on substrate surfaces with different crystalline order can facilitate the
creation of complexxide single crystals in nanoscale geometrfé&The crystallization kinetics
of PrAlOs on STO is particularly imptant for the creation of PrAKISTO heterostructures
employing nanoscale STO seed crystals. Some studies have been conducted to measure the rates
of crystallization of amorphous PrAiGayers on STO. The existence and variation of the thickness
of the inte f a c-Al#4 layey prohibits a consistent quantitative study about the rates of
crystallization. Future work about the crystallization kinetics of amorphous PGHG@TO can

build on what has been done and reported in this section.

An amorphou$rAlOs film on a SiQ/Si substrate remained amorphous even after heating

at 1000 °C for 8 h and an amorphous Prith on a (001) STO substrate was fully crystallized



116

after heating at 800 °C for 3 h, as discussed in Section 4.4 of this Chapter. Thlézatysn of

PrAlQOs films with the nominally same thickness on (001) STO at different temperatures ranging
from 500 °C to 800 °C was investigated to study the crystallization kinetics of Fik#S. An
amorphous PrAlefilm on (001) STO can be fully gstallized after heating at 800 °C for 1 k. X

ray diffraction studies of the film crystallized at 800 °C for 1 h showed the same crystalline
structure as the film crystallized at 800 °C for 3 h for which the crystalline structure was
characterized in Seotn 4.4 and 4.5 of this Chapter. When the crystallization temperature was
equal to or lower than 700 °C, an PrAKDm remained amorphous after a relatively long heating
duration. Figure 4L6 shows the evolution of the scattereda) intensity of an amohmus PrAlQ

layer on (001) STO after heating at 700 °C for two different duration. The data were acquired in
two separate heating steps, each of which was followedkay Xcattering characterization. The
X-ray intensity of scattering from the amorphou\lP3 was calculated by integrating the
intensity over the 2theta range from 25° to 33° to avoid the (001) and (110) crystalline peaks. The
intensity of scattering from the amorphous PrAi®the film heated to 700 °C for 8 h is 96% of
that in the aglepcsited film. The intensity of scattering from the amorphous PsAtQhe film

heated to 700 °C for 16 h is 95% of that in thelegosited film. A large amount of the film thus

remained amorphous even after heating at 700 °C for 16 h.
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Figure 416. Grazng-incidence Xray scattering intensity for aas-depositedPrAlOs film on STO
(black) and after heating at 700 °C for 8 h (red) and 16 h (blue). Crystalline peaks corresponding
to PrAlG:; 001, 110 and 111 reflections appear for the film heated at 700 °C for 16 h.

The crystallization kinetics can be studied by examining tinectsire of partially
crystallized PrAlQ layers. The lowest temperature at which partially crystallized PyAlQs
can be achieved in a relatively short heating durati@d@s°C. The time dependence of theay
intensity of scattering from the amoais PrAIQ layer on STO at 750 °C is shown in Figure 4
17(a). The amorphous PrAdQcattered Xray intensity decreases after heating at 750 °C for 20
min. Obvious crystalline peaks evolve after heating at 750 °C for 80 min. A more quantitative
study to mesure the rate of crystallization of PrAd@t 750 °C was not completed because
inconsistent results were obtained for the 4 samples deposited and crystallized at 750 °C under the
same conditions. For example, sample A and sample B were both depositatieisiagne ALD
procedure and crystallized at 750 °C for 3 h under the same conditions. The-greiziegce X
ray scattering measurements of those two samples in Figliréb¥ show that the intensity of
scattering from the amorphous PrAl@ sample A rerains and is 21% of that in the-dsposited

amorphous film. The intensity of scattering from the amorphous RiAl€ample B is, however,
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0.1% of that in the adeposited amorphous film, very close to 0, as pointed out by the black arrow.
The results indiate that part of the amorphous PrAlDm in sample A was not crystallized yet,

but the whole amorphous PrAd@m in sample B was fully crystallized.

—
(=3
~

—— Sample A_750°C 3 h
——Sample B_750°C 3 h

——As-deposited
——750 °C 20 min
—750 °C 60 min

1.0 || —— 750 °C 80 min

W
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Figure 417. (a) Grazingincidence Xray scattering intensity for aas-deposited’rAlOs film on
STO(black) and after annealing at 750 °C for 20 min (red), 60 min (blue), and 80 min (magenta).
(b) Grazingincidence Xray scattering intensity for sample A (red) and sample B(black). They are
two samples prepared with the same growth conditions and baothheated at 750 °C for 3 h
under the same condition.

The inconsistent results of the crystallization experiments can in principle arise from a
di ffering t hi ck nA0sdayepoin differbnesamptes, perhfpa dugpidskto- o
pulse variations in the ALD process. STEWAADF images of three films grown on (001) STO
with the same ALD process but with different heating treatments show that the thickness of the
i nt er {fAa@ layer varies from sample to sampkgure 418(a), (b), and (c) show the
STEM-HAADF images of an adeposited film, a film crystallized at 750 °C for 3 h and a film
crystallized at 800 UC for 1 h, r-Alfpayafoi vely.
those three samples im6m, 3 nm and 8 nm, respect i-Al2@sl y . Th
layer indicates that the thickness of the PrAflim also varies from sample to sample. The

differing thickness of the PrAlOfilm poses challenges to study the crystallization kaseof
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PrAlOs because the crystallization time to fully crystallize a film largely depends on the thickness

of the original amorphous layer.

Further work on developing procedures to deposit stoichiometric Rfixi@> directly on
STO substrates with a mise control of the film thickness will enable the further study of the
crystallization kinetics of PrAl®on STO. With the samples in this study, an amorphous RBrAIO
f i | mAlgOmcartbe partially crystallized at 750 °C within a relatively short dunatostudy
the rates of crystallization. Better lattice match between Pr&h@ STO than that between PrAIO
a n dAl203 may allow amorphous PrAKayers to crystallize at a lower temperature than 750 °C

within a shorter duration.

(a) (b) [c) .

y-ALLO

273

Figure 418. STEMHAADF images of 3 samples grown on STO with the same ALD process, but
with different heating treatment: (a) an-dsposited film; (b) a film crystallized at 750 °C for 3 h;
(c) a film crystallized at 800 -AlOslajen.r 1 h.

4.7 Conclusions

The group of Prof. Charles Winter at Wayne State University developed the ALD
procedures to deposit PrAdGilms using Pr(iPrGHa4)s, TMA, and water as precursors. Self
limiting growth was demonstrated in each precursor at 300 °GraAdD window was observed
from 275 to 325 °C with a growth rate of 1.7 A/cycle for the growth of PsAil®s. The as

deposited films are overall Alch, free of carbon contamination and exhibit smooth surfaces. The
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Al-rich compositions of the adeposied films originate from the larger growth rate of®@d than
that of PsOs, |l eadi ng to t he-Af(zlayera atihe interfaces betweentlrex i a |

PrAlOs films and the STO substrates.

The crystalline order of the substrate surface playsanrtant role in the crystallization
kinetics. Asdeposited PrAl@films on SiQ/Si substrates remained amorphous even after heating
at 1000 °C for 8 h. Epitaxial PrAOfilms on (001) STO substrates were achieved after
crystallization at 800 °C for 3 Ahe epitaxial relationship of the crystallized film on STO was
actually [001] PrAIQ/ / [ -8l@02/]/ 29[ 001] STO because of- the f
Al20s layer at the interface during the deposition. Directions for future work are suggested in t
end, including the electrical measurement of the interfaces in the epitaxialsPrAl@Ds/STO
thin films, the direct growth of pure amorphous Pr&lilns on STO by ALD, and more complete
kinetics study of the crystallization of amorphous Prifitns on STO substrates for the creation
of complexoxide nanostructures using seed crystals. This study demonstrates the opportunities to
create the lanthanide aluminum oxide and STO heterostructures in new geometries by combining

the use of ALD and SPE.
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Chapter 5: Low-temperature solid-phase epitaxial growth of

ScAIMgOa4 thin films on (0001) sapphire

5.1 Introduction

GaN is a widebandgap semiconductor which has useful properties relevant to applications
in lighting and electronick? Epitaxial GaN films have beeconventionallygrown on eplane
sapphire substrates. Theplane lattice mismatch between sapphire and GaN is as large as 13%,
resulting in the formation of a large number of dislocations per unit area in the thiTim.
complex oxide ScAIMg® (SCAM) is a particularly promising substrate material for growing
high-quality GaN films because SCAM has acellent inplane lattice match of 1.4% with G&N.
SCAM has a slightly larger iplane lattice parameter than G&Whis excellent lattice match leads
to the potentiethat GaN thin films can be grown with a far lower density of dislocations than with
the current suite of substrates. The reduced defect concentrations can produce improved GaN
materials for opteelectronic device$.The growth of GaN on SCAM results in an epitaxial
relationship in which the [0001] GaN is parallel to the [0001] SCAM and ghatf] GaN is

parallel to the [140] SCAM >

SCAM single crystallave been grown by the Czochralski method in which crystal is made
by pulling from a melt at high temperatufeésThe complex chemical compositioh ®CAM and
its high melting temperature of 2173 K, however, pose challenges to growgumagty SCAM
single crystals using the Czochralski meth6dThe cos of making single crystals of SCAM is
also prohibitively high due to the rarity and expense of elemental Sc. A promising strategy is to

grow epitaxial SCAM thin films on sapphire substrates as buffer layers to grow epitaxial GaN thin
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films for reduced defct concentrations.

The growth of epitaxial SCAM thin films with vapphase epitaxy techniques is also
challenging. The vapguhase deposition of oxides often requires the use of high substrate
temperatures because highality singlecrystalline thin fims are often grown at a high
temperature very close to ¥ of the melting temperatigg@roposed by the Ishizaka rélgigh
deposition temperatures can cause significant éifiee from the intended chemical compositions
when one component of the deposited material is volatile, for example inamdneiridates, in
mercurybased compounds such as HgBaCuOx and in complex oxides containing Z# A
similar compositional deviation is expected in SCAM because the high vapor pressure of Sc can
lead to evaporation during Higemperature deposition processes. A {ediated pulsed laser
deposition process in which the SCAM components were delivered with a simultaneous supply of
BiOx flux was used to grow SCAM thin films on (0001) sapphire at a relatively low growth
temperatte of 840°C.13 A thin layer of a competing MgADa spinel phase also ford between
the SCAM film and sapphire substrat@.he preferential growth of the spinel phase at the interface
was caused by the reactivity between &ieOs substrate and the s flux to form the Alrich
condition?3

This Chapter describes the development of-lemperature soligphase epitaxy (SPE)
technique foithe growth of epitaxial SCAM thin films on sapphire substrates. As introduced in
Chapter 1, SPE involves the creation of amorphous layers on-siygtal substrates followed by
a separate epitaxial crystallization process often driven by heating. ibiffinsthe solid state is
much slower and relatively low temperatures can be used to crystallize the caxigkexhin
films on crystalline seed$.SPE presents a promising method to grow this reolihponent oxide

thin film which may have deviation in compositions due to the volatile component when deposited
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with vaporphase epitaxy dtigh temperatures.

The present investigation of the conditions under which SPE can be used to form SCAM
thin films builds on a series of investigations using related techniques in similaicomjionent
materials. One of these related techniques, reacnlidphase epitaxy (FSPE) has been
developed for the deposition of complex oxides with layered structures sR&O&®O)m (R =
In and raresarth elementsi = Ga, In, Al and FeM = Mg, Co, Cu and Znm = integer) and
LaCuOS that cannot be deposited by vapluase epitaxy:*?® The RSPE method employs a
thin sacrificial epitaxial layer at the interface between the deposited oxide thin film and the
substrate to react with the amorphous oxidegtt heating temperaturé$The sacrificial layer in
R-SPE serves as an epitaxial template determining the crystallographic orientation of the
crystallized oxide film* The ratio of the thickness of the sacrificial layer to the thickness of the

amorphous oxide layer determines the resulting film composition.

An epitaxial ZnO layer was used as the sacrificial layer to fabricate singi&alline
SCAM thin films on YSZ (111) substes by RSPE>617 Epitaxial SCAM thin films were
achieved by RSPEata high crystallization temperature of 1450 °C or 1470 °C, and polycrystalline
SCAM films were obtained at a atively lower temperature such as 1300%€L’ The impurity
phase MgAdO4 formed at a crystallization temperature higher than 1200 °C, probably because of
the diffusion of Sc ions into the substraté€l’ Two strategies were employed to avoid the
formation of the impurity phase MgADa: (i) An extra 20% Sc was added into the target to
compensate the loss of Sc due to diffusiéf(ii) A ScGaQ(ZnO)m buffer layer was deposited on
the substrate before the deposition of the ZnO and amorphous SCAM layers to suppress the
reaction between the SCAM film and the substr@t&he strategy involving the use of an added

amount of Sc required careful selection of the additi@mabunt ofSc because too much Sc
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resulted in extra SOz phase in the depositeahd crystallized films:}” The epitaxial SCAM film
prepared using the ScGg@nO buffer layer had Ga ions in the SCAM because Zn evaporated
at high temperature$.Thosetwo strategies added a lot of complexity in th& RE process to
create epitaxial SCAM thin films without the impurity Mg@8k. Extensive experimentare
required to figure out the right target compositions without forming an extra.ffadeg an
apprqriatebuffer layeris also challenging because the buffer layer nesdippress the reaction
and alsaotally evaporatat high temperatures so thattra impurites are not added o&imilar
strategieshus may not be readily applicable to be combindthwhe R-SPEprocesgso create
other epitaxiacomplexoxidesthatalsohavediffusion of the components insubstrates at high

temperatures.

The studies discussed above proposed that the redsothe impurity phase MgAdO4
formed at a crystallizatiolemperature higher than 1200 °C was probhbbjause athe diffusion
of Sc ions into the YSZ substraté®!’ Extra strategies were used in those studies to avoid the
diffusion of Sc into the substrate and the formatioMgAl204 phase at temperatures higher than
1200 °C>1¢17 No detailed structural analysibowever,have been conducted to observe the

diffusion of the Sc into the substrate at high temperatures.

The direct SPE growth of epitaxial SCAM thin films on singtgstal substrates without
the use of any sacrifigi layer for the soligstate reactiosin the RSPE process has not been
explored yet. There is now a particular opportunity to exploit the differences in how the rates of
key processes in the epitaxy of SCAM depend on the temperature. This Chaptersetkgore
hypothesis that theolid-statereactionand diffusionprocesses that have resulted in the degradation
of the SCAM films produced at high temperatures will not be observed at lower temperatures. The

experimental results reported here show that thexgpis possible at a far lower temperature than
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has been reported the R-SPE studies. The results of this Chapter more generally indicate that
low crystallization temperaturesnbe employed to create epitaxial compteside thin films with

complicatel compositions by SPE.

The study in this Chapter explores the s@lithse crystallization of amorphous SCAM thin
films on ( 00\R)substrateswithout tike uge Of any extra epitaxial template layer
for the solidstate reaction The key reglt is that epitaxial SCAM thin films can be grown by SPE
at the relatively low temperature of 950 °C. A series of ‘eghperature control experiments
reveal effects that are consistent with previous literature repbrssolidstate reaction of Sc with
Al20sresulted in compositional inhomogeneity of the film and substrate, whithbits the SPE
growth of SCAM at the relatively high temperature of 1400 °C.comepositional inhomogeneity
leads to the formation oépitaxial impurity phase MgADs on part of the(0001) sapphire
substrate. The different crystallization results at the two temperatures indicate that a relatively low

temperature of 950 °C can be used to grow epitaxial SCAM thin films with SPE.

5.2 Structure of SCAIMgOa4

The chemical formulaf SCAM can also be written as ScA(®1gO), which makes it clear
that SCAM belongs to a broader family of the layered oxRI33(MO)mthat were introduced in
Section 5.1 of this Chapt&rSCAM has a hexagonal structuséth lattice parameters a b =
3.236 A and ¢ = 25.150 &s shown in Figure-5.2%2° The wurtzite (Al, Mg)Q (0001) layers and
rock-salt Sc@ (111) layers alternatively stack along the ¢ &kihe dashed line in Figure b
encloses one repeating unit of the SCAM structindicating that one unit of SCAMang the ¢

axis covers three layers of (Al, Mgy@nd ScQ@.
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Figure 51. Crystal structure of SCAM. The dashed line encloses one repeating unit of the SCAM
structure.

5.3 Experimental details

The crystallization of SCAM from initially amorphous layers was investigated by sputter
depositing amorphous SCAM thin films on (0001) sapphire substrates, followedxviiiu
thermalheating A nominally stoichiometric ScAIMgceramic target was purcéed from AJA
International, Inc.. The target was synthesized from a mixture of three oxid@s, SkOs, and

MgO. Further details of the processing of this target are not known.
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The composition and phases of a target play a key role in determiningtipesiton of
the deposited thin films. Characterization of the nominal SCAM target after purchase indicates
that he target is composed of different sizes of M@h] MgO and SgOs crystals.The surface of
the target was characterized using variable presscanning electron microscopy (SEM) with
energydispersive Xray spectroscopy (EDS). The SEHEDS measurements were conducted by
Dr. J. H. Fournelle in the Department of Geology and Geophysics at University of Wisconsin
Madison. Figure 2 shows an SEM iage of the target surface. EDS measurements were
conducted at a series of positions, marked thigwhite circles in the SEM imagdownin Figure
5-2, in order to determine which phases are present in the SCAM target. The EDS measurements
indicate thathe relatively brighter parts of the SEM image in Figu2 @ppearing white in the
image) are the SOsphase. The less bright parts of the SEM image (appearing black in the image)

are composed of MgA&D4 or MgO phases. Other parts of the target surfaow/similarfeatures.

Figure 52: SEM image of a part of the target surface. The white circles are marking the positions
where the EDS measurements were conducted.
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The three distinct phases in the target were also identified by a powagr diffraction
measurement of the target surface. FiguBshows the powder-Xay diffraction pattern of the
target. The crystalline peaks can be indexed as arising from the crystalline phasg34Wg40
and SeOs. The absence dhe stoichiometric SCAM phase and the random mixturénethree

phases in the target poihe challenge to deposit stoichiometric amorpleG#aM thin films.

The reason why SCAM phase did not form in the target employed in this study is not clear
without knowng the detailed procedures for the synthesis of the target. A previous published
study, however, shows that a target most of which is composed of the SCAM phase can be
synthesized from a stoichiometric mixture oS¢ Al20Os and MgO and reaction of tharee
phases at a high temperature, although the target also contains a small amount of the impurity
phases MgAIOs and Se0s.° The different crystalline phases of the target observed here begh
caused by the different processing method and conditions under which the reaction to form SCAM
phase did not occur. The preparation of oxide targets with complex compositions and volatile
components is not easy and may require complicated procediaesxample, a pyrochlore
NdzIr207 sputtering target with the right stoichiomettomicratios was synthesized with a series
of procedures because the component iridium is vof&titeeparing a stoichiometric SCAM target
without extra impurity phasesan bechallenging, butwill be helpful for the deposition of an

amorphous film with thetoichiometriccomposition.
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Figure 53: Powder Xray diffraction pattern of the nominal SCAM target. The target contains
three crystalline phases Mg&ls, SeO3 and MgO.

With this target thahas three crystalline phasesn@phous SCAM thin films were
deposited by ofaxis radiefrequency magnetron sputtering ori@®01) sapphirsubstrates held
at room temperature. Prior to depositing the amorphous films, the spepesition vacuum
chamberwas evacuated to 2 10° Torr. SCAM layers were grown with a total pressure of 18
mTorr with only Ar gas flow. The deposition conditions of SCAM layers are different from that
used for STO described in Chapter 2. The amorphous film was depositedeavfaliminm H to

atotal thickness of approximately 60 nm.

Microstructures of thecrystallized samples were studied by transmission electron
microscopy (TEM) and scanning transmission electron microscopy (STHKR. TEM
measurement in Figure-% was condcted by Dr. Yingxin Guan, and thEEM and STEM
measurementsm Figure 57 and Figure 8.0 were conducted by Dr. Peng ZabUW-Madison
through a collaboration supported by University of Wisconsin Materials Research Science and
Engineering Center. The csesectional TEM and STEM specimens were prepared using focused

ion beam (FIB) techniques with a Ga ion source (Auriga, Zeiss, Inc.). STEMahgla annular
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darkfield (HAADF) images were collected using a FEI Titian-BID aberratiortorrected
scanning @nsmission electron microscop@h an acceleration voltage of 200 kV. Selected area
electron diffraction (SAED) and TEM dafleld (DF) and brighffield (BF) images were acquired
using a FEI Tecnai TF30 transmission electron microscope with an accelemaitiage of 300

kV.

5.4 Characterization of the asdeposited SCAM films

An asdeposited SCAM film on a (0001) sapphire substrate was characterized by -grazing
incidence Xray scattering employing the method described in Section 1.4 of Chapter 1. Figure 5
4(a)shows grazingncidenceX-ray scattering patterns acquired from a bare sapphire substrate and
the asdeposited SCAM thin film. The bare sapphire substrate exhibits a featureleisgdnsity
background. The Xay scattering pattern of the-dseposited fin includes a broad intensity
maximum centered at2= 32 and another broad peak af 2 4. The broad peaks of the-as

deposited film indicate that tteesdepositedilm is amorphous.

The thickness of the ateposited amorphous SCAM film was determined by amyX
reflectivity (XRR) measurement. XRR data was collected using the method introduced in Section
2.3 of Chapter 2. Figure-&b) shows the XRR data of an-desposited SCAM film p a (0001)
sapphire substrate. The film thickness was determined to be 59 nm based on the mean period of

the oscillation of the reflected intensity.
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Figure 54. (a) Grazingincidence Xray scattering intensjtfor an asdeposited SCAM fillanda
bare sgphire substrate(b) XRR measurement of anageposited SCAM film on a sapphire
substrate.

The Mg:Sc atomic ratios in the-deposited films were analyzed using EPMWDS as
introduced in Section 4.3.1 of Chapter 4. In this case, synthetics3cl/gO wee used as the
reference standards for the measurements of the amount of Sc and Mg elements in the films,
respectively. The EPMAVDS measurements were conductedDyy J. H. Fournelleat UW-
Madison. Both an adeposited amorphous film on a SIS substrae¢ and an asgeposited
amorphous film on a sapphire substrate have a Mg:Sc atomic ratio of 1:0.85, indicating that the

asdeposited films are Sc deficient.

5.5 Crystallization of the amorphous SCAM films

With the Sedeficient SCAM layers deposited on sapplsubstrates by sputter deposition,
aseries of different temperatures ahdationsvere employed for the crystallization experiments.
The asdeposited films werbeatedoy inserting the samples into a preheated furnace in still air.
After beingheatedin the furnace for durations ranging from 30 min to 48 h, the samples were

removed from the furnace and coobbalvn with a dry N gas flow.



135

The asdeposited film remained amorphous when the film was heated at a temperature
below 900 °C for a relatively londuration. An amorphous film can be fully crystallized after
heating at 900 °C for 48 h. The crystallization of two amorphous films at a relatively low

temperature of 950 °C and at a relatively high temperature of 1400 °C is discussed below.

5.5.1Crystallization at 950 °C

950°C is the lowest temperature investigated in this study at which an amorphous film can
be fully crystallized within a relatively short time of 10 h. Figurg(&) shows grazirgcidence
X-ray scattering patterns of a film on the sapphire substrate afteéndnat 95CC for 5 h and 10
h. Scattering intensity from thgare sapphire substraé@d the asleposited amorphous filis
shown for comparisori.he amorphous SCAM film heated280°C for 5 h is partially crystallized
because there remains a broatémsity maximum centered atf = 3% that comes from the

amorphous film.

TEM provides further evidence that the film heated980 °C for 5 his partially
crystallized. Figure %&(b) shows a crossectional higkresolution TEM image of the film
crystallizzd at950 °C for 5 h A thick Au layer was deposited on the sample surface for the
measurement. The crystallized SCAM film is-&@ thick. The bottom substrate is <0001>
or i e RAI2@.00ndBeNM thick crystalline domain was observed in this regime.Spaeing
of the fringes is 0.84 nm, which matches the spacing of SCAM 0003 planes. The matched spacing
indicates that this crystalline domain is SCAM crystal. The SCAM crystal does not share the same
<0001> orientation as the sapphire substrélte local eientation of the SCAM crystal has a
misorientation of 30° with respect to tbieAl-Os subgrate. The parts of the film to left and right

of the SCAM crystal in Fig.B(b) are still amorphous.



136

®
&

(b) 950 °C 5 h

N
N
1

o ScAIMgO,

e MgAL,0O, Amorphous SCAM crystal

o 0009

N

6

o
e
o 111
0 000
[ ]
0 0001

311

950°C 10 h

0.2
950°C5h

As-deposited

Thin film

o©
—

Diffracted X-ray Intensity (a.u.)

Sapphire

Sapphire substrate
substrate

[0001] a-Al,O

0

15 20 25 30 35 40 45
26 (deg.)

Figure 55. (a) Grazingincidence Xray scattering intensy for a SCAM film deposited on the
sapphire substrate and crystallized @0 °C for 5 h and 10hThe curves represent partially
crystallized (blue) and fully crystallized (purple) layefcatteringintensity from the bare
sapphire substrate (blaclndthe asdeposited amorphous film (reslshown for comparison. (b)
High-resolution TEM micrograph of a partially crystallized SCAM film on a sapphire substrate
after crystallization a®50 °C for5 h.

The X-ray diffraction patterns indicate that the filneated a©50 °C for 10 h is fully
crystallized because the broadray intensity maxima that originate from the-deposited
amorphous film are not present after heating under this condition, shown in F§(ag Bhe
crystalline phases ithe film crydallized at 950 °C for 10 &nd the epitaxial relationship between
the film and the( 0 0 0-AI)Os substratewe r e e x a mi-h d sudiay theanettibd
described in Section 1.6 of Chapter 1. The scan directi¢n(sO 0 1 ] di r eAd20s on of
substrag, which is also the sample normal direction. Figue6a) s hows -2Hdesmansul
The peak marked with a star in Figuréba ) i s t he dAi20:0006aafldction. mhef r o m
SCAM 0 0 0-Al20a00aL reflections appear on the same rod aprecal space, indicating
that the crystallized film is highly oriented with the same orientation as the substrate. Besides
SCAM 000L reflections, MgAIO4 111 and 311 reflections are also observed in the crystallized

film.
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The mosaic width of the epitaXi8 CAM crystals was examined with anr&y rocking
curve scanFigure 56(b) shows Xray rockingcurve scan of SCAM 0009 reflection of the film

crystallized at 950C for 10 h.The FWHM of the rocking curve of SCAM 0009 reflection is°0.9
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Figure 56. (a) Xray diffraction patternof thefi | m d e p o s i t-A0s:amdrcrys(alizédo 1 )
at 950 °C for 10 h(b) Rocking curve scan of SCAM 0009 reflectwith the Gaussian fit used to
find the angular width.

The microstructure of the SCAM layer crysiadid at 950 C for 10 h was studied by TEM
DF andBF imaging under twdbeam conditions. The sapphire 0003 diffraction spot was selected
for the DF imaging in order to probe the expected epitaxial relationship betiwes2GAM layer
and the sapphire subgealong the sample normal directidingures 57(a) and (b) show the TEM
DF and BF images of the cressctional specimen with a large field of view including the capping
layer deposited for the measurement, the SCAM layer and#kieOs substrate. Theasnple
length investigated in this regime is 75 nrheTbrighter areas of the film in the DF image shown
in Figure 57(a) arie from the diffraction of the SCAM 0006 reflectianThe brighter areas are
thus where epitaxial SCAM crystals form. SCAM crysttdat are not grown epitaxially or
reflections from other phases are darker in the DF imébge.two SCAMcrystalswere also

observed as the relatively darker pamtthe BF inageshownin Figure 57(b).

Cc
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The epitaxial relationship between the SCAM crystal andUka¢2Os substrate can be
further examined by a BF image with a higher magnificaftagure 57(c) shows a BF image of
the SCAM crystal indicated by the red box in tiig 57(b) with a higher magnification than in
Figure 57(b). The spacing of the fringes is 0.83 nm, which matches the spacing of SCAM 0003
planes. The matched spacing indicatesgpiaxial SCAM crystal forms on th@Al-Os substrate
The epitaxial SCAMcrystal can grow as large as 110 nm along thglane direction and 47 nm
along the oubf-plane direction from the interface to the sample surface.

(a) TEM dark-field (two-beam) (b) TEM bright-field (two-beam)
capping layer

CK-A|2O3
(c) TEM bright-field (multiple-beam)

Figure 57. (a) TEM darkfield and (b) brightfield images taken under two beam conditions
the samplerystallizedat 950 C for 10h; (c) High resolution TEM BF image of the part selected
by thered box in (b)

A nonepitaxial SCAM crystal was observed for the partially crystallized film after heating
at 950 °C for 5 h shown in Figure5gb). Bpitaxial SCAM crystals were observed for the fully
crystallized film after heating at 950 °C for 10 h shown in Figure Because TEM measures the
local structures of a small part of the sample, both epitaxial andpitaxial SCAM crystals form

after cystallization of an amorphous SCAM film on (00QEA 203 at 950 °C. The SCAM crystals
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are 50nm thick spreading from the interface to sample surface. The formation of2@IlgAl
crystalline phase was also observed, because thepasited amorphous film &c-deficient with

a Mg:Sc atomic ratio of 1:0.85. The Mg:Sc atomic ratios of the film partially crystallized at 950
°C for 5 h and of the film fully crystallized at 950 °C for 10 h were also measured with EPMA
WDS. Both films still had a Mg:Sc atomic ratmf 1:0.85, indicating that the overall film

composition did not change after crystallization at 950 °C.

5.5.2Crystallization at 1400 °C

The crystallization behavior @namorphous SCAM filnheatedcatthe highertemperature
of 1400°C was examinedlhe amorphas SCAM film was deposited under the same conditions
as described in Section 5.3 of this Chapter and was thus expected to alsdv@$e atomic

ratio of 1:0.85Thefilm crystallizedat 1400C for 30 minhad very different crystallinstructures

than the filmcrystallizedat 950 C for 10 h.

The crystallization time to fully crystallize an amorphous fiim(0001)J-Al 20z at 1400
°C was known by measuring the scattering from the amorphous film usinggincidence X
ray scatteringThe measurement was conductesihg the same geometagdescribed in Section
1.4 of Chapter 1. Figure-B shows the grazingcidence Xray scattering pattemmf a SCAM film
after crystallization at 1400 for a relatively short duration &0 min.The gazingincidence X
ray scattering pattern of the-dsposited amorphous film is shown for compariddre broad %
ray intensity maxima that originate from the amorphous film disappear@cnly crystalline
peaks were apparenin initially amorphous SCAMilm thus can be fully crystallized after

crystallization att400°C for 30 min
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Figure 58. Grazingincidence Xray scattering of an adeposited amorphous film and a film
crystallizedat 1400 °C for 30 min.

The crystalline phase in the film crystallized at 14%D for 30 min and thepitaxial
relationship between the film and the (0004 20z substrate wredetermined using d-2d scan
shown in Figuré-9(a). The measurement details were introduced in Section 1.6 of Chapler 1.
peak marked with a star is the diffraction from 0006 reflection oft#é2Os substrate. The
MgAIl204 111, SCAMO0OL andU-Al20s 000L reflections appear on the same rod of reciprocal
space(111)oriented MgAkO4 and (000L)oriented SCAM crystals form after crystallization and
align with the 000L orientations of the substr@ased on the integrated peak intemssitof SCAM
and MgAI204 phases, more (11-briented MgA$Oas crystals and less (000lgriented SCAM
crystals form of the film crystallized at 1480 compared to the film crystallized at 9%Dfor 10

h.

The angular widths of the-Kay rocking curvegrovide insight into the defect densitiafs
the MgAkO4 and SCAM crystalsFigure 59(b) shows rocking curvecars of MgALO4 111 and

SCAM 0009 reflection, which give FWHM values df.8° and 1.0, respectively
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Figure 59. (a) X-ray diffraction patternof the film deposited of®001)U-Al-Os and crystallized
at 1400°C for 30 min.(b) Rocking curve scans of Mg@k 111 and SCAM 0009 reflectiomsth
Gaussian fits used to find the angular widths of each reflection.

The microstructuref the film crystallized at 1408 for 30 min was examined by STEM.
Figure 510(a) shows &STEM-HAADF image of the crossectional specimen with 2.3um
length with a large field of view including the crystallized SCAM layer and)tA&Os substrate.
The deposited capping layer for the measurement is not visible with this image cbigtasts
10(b) shows a higher magnification of teampleindicated by the green box in Figurel6(a).
The red line in Figure-30(b) shows the interfacestween the crystallized film and thkAl203

substrate.

Crystallization at 1400C leads to the development of a rough sample surfdoe dark
and bright parts shown in Figurel®(a) and (b) represent the different compositions at different
locations.Because the contrast of the STEMADF imaging is approximately proportional to
the square of the atomic number, heavier elenmmth as Sc ar@ the brightparts The bright
and dark parts of the film above the interface exhibit different phE&$S.andysis at different

positions of the film above the interfaftgther indicate that the brigpiarts are composed of Sc,
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Al and O elements and the dark parts are composed of Mg, Al and O elements. EDS analysis at

bright parts of the substrate below the iifdee show the existence of Sc, Al and O elements.

The compositional inhomogeneity observed in the film and substrate for the sample
crystallized at 1400C might be caused by sotstate reactions through which the crystalline
phases that are composedaf Al and O formed. The crystalline phases that are composed of Sc,
Al and O have not been identified yet. The locations where the talie reactions occurred are
the bright parts of the sample in tR€EM-HAADF image. The reactions at those locatit@tsto
the longrange transport of Sc within the film from the dark parts of the film along the direction
parallel to the interface. Sc had to transport for |ihd within the film so that the soligtate
reactions in the film and substrate occurred inltieal region of the sample measured in Figure

5-10(b).

The phase of the film with lower intensity in the STEMAADF imagein contact with the
U-Al20s substrateand the phase above this part of the film are identified by a SBEMnage
with a higher magfication, shown in Figure-80(c). The bottom part of Figurel®(c) is the film
with lower intensity in contact with the substrate in Figuw®0fb), which is epitaxial MgAD4
crystal because the spacing of the lattice fringes of this part of the film matches with the spacing
of MgAI204 111, and EDS analysis of this part of the film indicates the existence of Mg, Al and
O elements. The top part of Figurel8(c) is the film gown above the MgAD4 crystal, which
is epitaxial SCAM crystal because the spacing of the stripes matches with the spacing of SCAM
0003 planes. The film with lower intensity in the STEMADF imagein contact with theJ-
Al 203 substratas thus (111Joriented MgAkLOs4 crystal, and (0001priented SCAM crystal form

on top of thaMigAl 204 crystal close to the sample surface

The film crystallized at 1400C for 30 min has a Mg:Sc atomic ratio of 1:0.76 based on
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the EPMAWDS measurement of the general compasitd this sample. Compared to the as
deposited film with a composition of 1:0.85, the decrease of the amount of Sc in the film after
crystallization at 1400C for 30 min can be caused by the sdalidte reactions of Sc with the

substrate or evaporation 8t, which will be discussed below in Section 5.6.

Figure 510. (a) STEMHAADF image on the samptaystallizedat 1400C for 30 min; (b) A
higher magnification of the area indicated by the green box in (a); (c) An even higher
magnification of the area indicated by tbheangeboxin (b). The red line in (b) represerthe
interface between the film and the substrate.

Thesurface roughness and grain sizes of the fadrgstallizedat different temperatures are
also different. Figure-81(a) shows an atomic force microscopy (AFM) topography image of a
partially crystallized filmafter heatingat 950°C for 5 h Figure 510(b) shows an AFM image of
a fully crystallized filmafter heatingat 1450°C for 1 h. The roughness of the partially crystallized
film in Figure 510(a) is 2 nm and the roughness of the fully crystallized film in Figur@(b) is
1.2 nm. The filmcrystallzedat a higher temperature of 149D apparently has a larger average

grain size than the filmrystallizedat 950°C.





















