ABSTRACT

RIGBY, ADAM JAMES. Novel Approach to Incorporating Titanium into Sapplilader the
directionof Dr. Jerome JCuomg.

Sapphire is a ceramic material also known as aluminum oxide. It has several useful
applications fromsubstrate for semicondureg circuits to crystals for lasers.-$apphire lasers
are titanium doped aluminum oxide crystals. The synthesis process is often a very energetic
process which occurs at high temperatures. This thesis describes a low temperags®to
incorporate tanium into alpha phase aluminum oxide.

Aluminum oxide and titanium oxide powders were ground together and submerged in
water. Taking advantage of Ti 0O206s photocataly
lamps, producingnydrogen and oxygen. Thwork reports that the presence of hydrogen is
suspected to cause surface migration and diffusion processes at room temperature. This thesis
also explores the role of hydrogen annealing in the literature and draws paralledsatori

Samples were anged with XRD, SEM, TEM, EDS, CL, and T&HMS. The XRD
data examines a possible relaxation of the crystal lattice. The SEM was used to provide both
EDS and CL measurements. The EDS mapping showed the titanium concentrations in the
crystals. The CL datawtidated information on changes to the electronic structure. TEM was
capable of looking at the particles on the nanoscale. This was able to get a look at the atomic
structure of the materi al . rAcéngationwiMioaumi®S al so
oxide crystals. The elemental analysis provided by -BIMS validates the EDS from both SEM
and TEM showing a small titanium presence in aluminum oxide crystakSIMBE was also

able to ion mill the sample to provide a deptbfibe.
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Chapter 1: Introduction

Aluminum oxide, also known as sapphire or alumina is a high melting point crystal.
Sapphire has kigh refractive index, high hardness, surface smoothness, good tensile strength,
thermal conductivity, electrical insulation, and thermal shock resistafice chemical
properties of sapphire are stable as well, with sapphire being insoluble in water, nitric acid,
sulfuric acid, hydrochloric acid, hydrofldo acid, and phosphoric acid up to 300°C; and
insoluble in alkalis up to 800¢CThis makes it a perfect material for a variety of applications.
Sapphire is widely used in medical implants, epitaxial substrate material for semiconductor GaN

optical windows, excellent material of light emitting diodes (LED) and laser diodes. (LD)

1.1 Aluminum Oxide Structure

Aluminum oxide has the chenal formula of AbOs and is a polymorphic material with
many various crystal phases possible, but the most thermodynamically stable-isla(pBa
also known asorundum. This phase has a trigonal crystal symmetry described bgdtspée
group-3 The rhombohedral structure can be seen below in &iur. The crystal lattice takes
the form of G anions in closest hexagonal packing witi*Adations located in thoctahedral
hollows between the closely packeé ©ns. The AF*ions fill only two thirds of the octahedral

hollows', which is illustrated below in Figure 1.2.
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Figure 1.2: Schematic of the packing of ©ns in the sapphire céll



1.1.1 Luminescent Centers

Anion-d e f e ct c-AlyOshawe Effective fumitkscent centers. These crystals
involve a relatively high concentration of oxygen vacancies, which form elecapping
centeré. The oxygen vacancy defect may be associated with one or more impurity ions or with
an interstitial intrinsic defect such as a misplaced interstitial oxyger?.a@eoupancy of an
oxygen vacancy by two electrons is known asaeiter, whereas occupancy of any oxygen
vacancy by only one electron is a¢enter, which has a positive charge with respect to the
lattice and usugt requires chargeompensation by an impurity or an interstitial atoihe
intentional addition of impurity atoms can often lead to oxygen vacancies. Titanium isreonom

dopant for alurimum oxide, and can be present in both thargl 4 valence stafe

1.1.2 Applications

Onesuchapplication of doped ADs is known as Fsapphire lasers. Aluminum oxide
doped with titanium ions can be utilized as a tunable solid staté. [Akerexcellent mechanigal
thermal, and optical properties of-@ioped sapphire have allowed for the development of laser
systems with unprecedentedly high average and peak gowkesbroad and intense
fluorescence emission band providesgidertuning range and higher gain cross section than
other transition metal ion tunable lasefBhese crystals tend to have Ti doped more than several

hundrels of ppm?.

1.1.3 Synthesis

There are multiple methods for aluminum oxide crystal growth, two notable methods are

the Verneuil method and the Czochralski metldde Verneuil method or the flame fusion



method was developed by Auguste Verneuil. A downwgaridting hydrocarbon flame was

aimed at a pile of aluminum oxide powder, which fused some of the powder into a small crystal.
Verneuil then sprinkled alumina powddrough the flameparticles of molten alumina landing

on the surface of the small crystal fused with the crygstasing it to gro#**2 Adding small

amounts of titanium, chromium or other atoms to the powder would dope the sapphire
accordingly. Another method is knowntag Czochralski method. Named after Johan

Czochralski, the charge material is melted in a crucible and a seed is lowered into the melt, it is
then pulled and rotated simultaneod3l. In Figure 1.3, shown below, the original drawing

showing the setup is reproduced. To dope sapphire crystals in this method, the intended dopants

would be added to the melt.

Figure 1.3: Czochralski setup for pulling metal single crystals



1.2 Titanium Oxide

In order to get titanium into the crystal, titanium dioxide (Ji often used as a
precursor. Ti@has various crystalline phases such as anatase, brookite, and rutile. Anatase and
brookite arametastable phases, and rutile is the most thermodynamically*&t&vteokite has a
rhombohedral structure compared to theagonal structure of anatase and ratilen all three
strucures the basic building blocks is a titanium atom surrounded by six oxygen atoms in an
octahedrhconfiguratiort®. In rutile, all 8 faces of the octahedral are neighbors with 10 other
octahedral, whereas in anatase, each octahedanijaisent with 8 other octahedral fae
rutile, TiOs octahedra link by sharing an edge along tais to form chains. These chains are
then interlinked by sharingorner oxygen atoms to form a thygienensional frameworR.
Anatase in comparison has the thdémensional framework formed only by edgjgared
bonding among the Tiébctahedrons. It means that octahedra in anatase share four edges and are

arranged in zigzag cha'®, this is illustrated inf Figure 1.4 below.

+@ — < rutile nucleus

.

anatase nucleus
Figure 1.4 Comparison of rutile and anatase octahedron arrang&ment



1.2.1 TiOz Photocatalyst

TiO2 has the capability of acting as a photocatalys1972, Fujishima and Honda
reported that photodecomposition of water intpafid Q could be achieved with a Pt electrode
and aTiO: eledrode in a photochemical cell, under UV light irradiation and an applied electrical
voltage?®. The fundamental principle is that in the semiconductor (TiO2 in this case), electrons
can be excited from the valence band to the conduction band leaving holes in the valence band,
under light irradiation of certain wavelengthsVhen a photon with an energy®f is equal or
greater than the bdgap energy of the semiconductor, that is when the elect)ds feomoted
from the valence band to the conduction band, leaving a positive Apleeftind?. Anatase has
a band gap of 3.2 é¥2* This leads td@iO; being activated by UV light with a wavelength of
388 nm or lowe®?6 Anatase has a larger band gap than rutile, which raises the valence band
maximum to higher energy levels relative to redox potentials of adsorbed molecules. Anatase
also has an indirect band gap which is smaller thanitbet dand gap’. Generally,
semiconductors with indect band gaps have longer charge carriers life compared to direct band
gap semiconductot$ Anatase exhibiting longer electrpair life would make it more likely for
the charge carriers to participate in any surface reactions taking place.

WhenTiO:2 is exposed to an illumination greater than the bapjthe electrorhole
pairs are created in the surface region of the material, due to the short penetration depth of the
UV light of ~160 nn?’, this is represented in Equation 1.1. In the depletion region eldaiten
recombination can be retarded astolgenerated charge carriers move in different directions due
to near surface electric fieflsHowever continuous illumination of the material by UV light
will result in the annihilation of the electric fiéld This creates a band flattening effeccaise

the free electrons move to the bulk and the free holes will accumulate at the?étfate



photogenerate hokeatthe surface of the material will cause the oxidations of water molecules
producing (Q) and (H)?°, which is show in Equation 1.2. Oxidation of water at the material
surface can also result in the formation of hydroxyl radifals seen in Equation 1.3, however
there is some debate as to the exact mechanism of formation. The electrons then cause the
reduction of (H) to produce H?1?°as seen in Equation 1.4. It is also possible for the electron to
recombine with a proton (B cresting a hydrogen radicii which is represented by Equation

1.5. The overall reaction is shown in Equation 1.6, where the UV light andcaiQe the

Asplittingd of water into hydrogen and oxygen
YQO Q Q Eq. 11
¢ 060 6 ¢O Eq. 1.2
Q 060068 O Eql.3
¢Q ¢O © 0 Egql1.4
Q 0070 Eq 1.5

T
06 wh O Eq 1.6

1.3 Water
SubmergingAl0Os in water results in dissociative chemisorption of water on the surface

of the material. The observed threshold is ~1 Torr, which can result in the surfaces of the
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aluminum oxide particlesconvet i ng i nt cAl(@H)vatnwEhl(®H):*?0This U
phenomenon can involve multiple competing processes including hydrogen bond formations and
multiple H> adsorption on the first and se layers of Aluminum. This results in the stragnin

and breaking of AD bonds near the surfa&éeAnatase is another material in which hydroxyl

groups can be attached to the surfacé@fmaterial, with at least 12 different types of OH

groups have been reported in the literature by different adthbiggroxylation and

dihydroxylation cycling of anataser$ace leads to a reduction in available sites for dissociative
adsorption. This is likely due to surface reconstruction of the méfefihle precise nature of the
surface reconstructios not always known. Tigpowders that contained ch&orbed HO have

been shown to have noticeable crystal growth at elevated tempetaflingsillustrates that the

water seems to create some change in the lattice structureefriberials.

1.4 Hydrogen

The question of theffect of hydrogen is an interesting one. Hydrogen usually interacts
with metal oxide materials with the hydrogen associating with neighboring oxygen ions. This
creates €H bonds and therefor has high stapifi. However, hydrogen can have veramy
different behaviors in oxide materials. Hydrogen can act as amphoteric impurity, which means
that it may be either a donor or an acceptor in semicondéfctoisan therefore act as both n
type and ptype dopants in different material systé##€ Hydrogen does not as easily dgféuin
oxides as compared to metals, but it silh occur at lower rates. It has been shown thabrs
can be swept out of oxide crystals by low electric fields which are applied at moderately high

temperature$. In order to remove the protons atMer temperatures, a mechanism to break the



O-H bonds is required. Electromagnetic radiation is successful at this task, with the process
referred to as radiation induced diffusion which can occur at lowdsahpe$..

Hydrogen can be introduced into the oxide materials in a number of different
mechanisms, but it often occurs during the growth process. biatlds are often annealed in H
atmospheres wbh can introduce hydrogen into the structtiri-sapphire is often grown in in
mixed ArH atmospheres, with-20% volume hydrogéh However atmic hydrogen radicals
can be present in low concentrations in typicaid atmospherigoressure plasm lonized
hydrogen can exist inside metal oxides while being highly mbisdrogen can be very
prevalent in synthesis techniques with some very interesting effects.dlscalne the reason for
specific reactions takinglace.

Studies of electrochemically hydrogenated Vi Os, and TiQ found that hydrogen
can exist in two distinctive states; one state is as protons attached to oxygen ions by-gtrong O
bonds, and the o¢h state is a highly mobile and reactive hydrogat with a shu life spari®.
Hydrogenates NEOs immersed in CuS@solution will be covered by a thick copper layer as the
highly mobile and reactive hydrogen diffuses out of the metal oxide dndas the Cii ions*®.
Electron transfer from hydrogen to the metal oxide only ooehite the hydrogen is still highly
mobile®,

Using hydrogen as a part of synthesis techniques can otherwise alter the final product.
Hydrogen annealinig a process that is often used for various device fabrication techniques. This
can promote suoe interesting effects. Studies on hydrothermal crystal growth have found that the
hydrogen gas can play an important role in the morphology and directiorstfl ggowtt*.

The presence of hydrogen during the growth of graphene layers has been found to either damage

the graphene layers arduce nucleation of addition layers, depending of different growth



condition$®. Hydrogen annealing is usedrtaund off the corners of silicon FINFET devices and
smooth the surface of the sidew#llSimilarly corners and surface morphology of DRAMSs with
trench type capacitors can be smoothened by hydrogen anfiedlipdgrogen gas annealing at
high temperatures can flatten the surfacepifaxially grown silicoff. Hydrogen annealing has
been reportetb increase the surface mobility of Ge films which ensures a flattéPfigiticon
Carbide can be made atomically smooth by a hydrogen etching pré€ddsasnealing at
temperature greater than 18CG0esultsm removal of damaged layers or surface
recrystallization, leading to atomically smooth surfatestomic hydrogen used in chemical
annealing has been found to create dangling bonds atitface of amorphous silicon. These
dangling bonds can then diffuse along the surface and into the depth dedt@atomic
hydrogen will also passivate dangling bonds and can break w2ikb8nds? The breaking of
Si-Si bonds can rearrange the Si network and create a more rigid and stable network. All of these
hydrogen annealingrpcesses report some form of atomic motion either diffusion or otherwise
as a result of the hydgen annealing process. All of this suggests that hydrogen in some form
can initiate surface diffusion in materials. The reasons that hydrogen can promotd dmegees

are not always understood.

1.5 Diffusion

Diffusion usually occurs via aacancy motion in ionic materidfs and aluminum oxide is
known for having only twahirds of its octahedral locations filled with alumin atoms.
Localized charge neutrality is maintained by the diffusive motion of a charge vacancy and
another charged entffy This is the most likely mechanism for incorporation of Ti ions into the

aluminum oxide latte. T?*i ons 6 s Al.Qis ielatively yarge amd can be incorporated

10



without the involvement of native defet®8® Ti**i o n s 6 ydsanuah ek and
incorporation requires the formation of native defects for charge compefsafiom sollility
of Ti is depedent on polycrystalline vs single crystal nature and the grain sizes AffADe?®.
Ti is incorporated on Asites with aluminunvacancies formed as charge compensation
Aluminum seltdiffusion within Al,Os will also increase with increasing Ti concentrafibn

Titanium sputtered on to tleeirface of aluminunoxide will oxidize due to active oxygen
anions on the surfati® The formation of a high concentration region of oxygen in the interface
can be explained by the defect chemistry of Ti ions in a®@#kttice. The tetravaht T ions
which ae formed by the oxidization of the active oxygen occupying trivaletitsites in the
Al,O; lattice are some point defects with positive ch#igehey have to then be compensated by
some negative charges, which are siegpby the oxygen aans’®. This means that the higher
the concentration of the diffused titanium ions into thgDAlattice, the greater the number of
oxygen anions which results in an increase of oxygen in the interfacefegion

Looking at theernary phase diagram for titanium, aluminum, and oxygen shows that
there are 39 phases in theAliO system, they are as followly, Al), Ti¢ §)Ti¢ 6 Wig), Ozg),
Al203 (,tAl203 (,6A1203 (,6Al203 (,581202(g), Al20(g), AlO2(g), AlO(g), TiO(g), TIO( ¥ IO( 5 )
TiO( 5 YiOzs), Ti2Os), Ti203 (,0hi203 ( 6 §izOs), TizOz2s), TizOs (,ihiz0s ( ,61iaO7¢s), TisOgs),
TieO11(sy TigO15(s), TioO17(sy Ti16031(s) TisoOog(sy TiAl(s), TiAlzs), TiAlss), Ti2Alses), TisAls), and
TiAl 205P°. This means that the localized composition can theoretically have many possible
structures. Another thing to consider is th&O and TiO bond strengths are simitarThe
formation d TiAl 2Os is the most thenodynamically stable compoutfdEquation 1.7 shows the

likely reactions thatakes place.
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YO O 8 O YEW Eq. 1.7

3 X& TBIp p RBx € & Eq. 1.8

Equation 1.8 describes the Gibbs Free Energy that is related to the reaction found in
Equatbn 1.7° In theory this is a thermodynamically favorable reaction. Howewver &
thermodynamics point of view it is not always favorable to redug@sAlirectly by titanium, the
reaction is controlled by éhsysem kinetics®. So, at low temperatures and pressures reduction
does not always occur unless some other process is also at work.

Migration energies of oxygen point defects are in the region &6.9.8\f*, which is
very high. Aluminum interstitials can diffuse %00* times faster than oxygen vacanéles
Aluminum oxide mixed with titania and equilibrated in air or vacuum does not show any change
in lattice parameter, but equilibrating in a hydrogen atmosphere results in a lattice parameter
change®. Diffusion in U-Al;0s is not well understood with many different mechanisms
competing® This makes it difficult to understand quite what is happening at times. It is also
important to note that most of theeratue refers to work at elevated temperatures. The study of

room temperature behavior is rather limited.
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Chapter 2: Material and Methodology / Experimental Procedure
This chapter will describe the sample synthesithounlogy. A detail account of the steps
taken during the experiments. It also includes tables that list the impsaitaptesand the exact
conditions which each were synthesized under. The imp@aamples are the samples which are
represented in thesults chapter. Also described are the analytical techniques used to

characterize the samples.

2.1 Sample Synthesis

The sample synthesis process underwent several iterations. The following wilbbeescri
the general steps that was used to makes the satimgigsoduced the best set of results. The
starting place was to create a meM@0Ad for get
obvious beginning step was to mix alumina powder with, i@vde. The aluminum oxide
powder, Buehler Micropolish B GB0micron alumina, was transferred into an aluminum
weighing dish and the weight of the powder was carefully measured. Then titanium oxide
powder, from Aldrich Chemistry Titanium (IV) Oxide Anatase, wan transferred into a
weighing dish and the weightas then recorded. The two powders were transferred into an agate
mortar. The powders were ground together for-2Q0ninutes by hand using an agate mortar
and pestle set. Once the powder mixture wa®umly mixed, the powders would then be
transferred t@an aluminum weighing dish, by means of washing the powders out of the mortar
using deionized (DI) water. Once all of the powder had been transferred to the dish, it would
then be filled ~foufifths of the way with more DI water. This resulted in the alumm dishes
containing roughly 124 mL of DI HO. The powder would be mixed with the water creating a

suspension in the dish.
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A UV mercurylamp was then used to photocatalytically split the waterl And i k Jenao s
UVP PenRay Lamps 9001201 M were purchsed, as seen below kigure2.1. Themercury
spectrum of théamphas goprimary energy at 254 nrihis is a higher energy than the 388 nm

wavelength of light necessary to cause photocatalysis iutitaoxide-2.

Figure2.1Anal yt i k J eRapl@amps GDOP201Re n

The WV pen ray lamp was then placed over the samplésiem above) and would be
turned on for roughly 24 hours. After 24 hours no moisture would be remaining in the sample
dish. To continue the experiment and increase the reaction completion more DI whtdreco
added to the sample (~12 mL) and the UVdmp could be turned on for another 24 hours.
Summary of samples histories can be seen in Table 2.1. Not every experiment has been included
in Table 2.1, as can be seen by the-continuous numbering syste but the important samples
are notedThe table dscribes the weight amount of precursor powder used for each sample.
Calculating the percent Tn the precursor stage feach sample is shown by Equation 2.1

below.) ando describe the molar mass of each compounddand anda are

the mass (g) of each powd&un 3 was the most important because it was the first successful
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refinement of this experimental meth&tlin 8 was significant for theRD data generated

characterizing it.

a Eq. 2.1

PYQ — ; ZPp T
o La

Table 2.1: Summary of Important Samples Synthesis History

Al203 (9) TiO2 (9) % Ti Water (mL) UV (hrs)
Run 3 0.088 0.010 2.67 ~20-24 42
Run 5 0.100 0.008 1.92 ~12-14 24
Run 8 0.097 0.016 3.74 ~36-42 72

Another important representative experiment that supports the argument of the effects of
hydrogen was Run 11, which the gdenconditions can be seen in Table 2.2 and Table 2.3 found
below. As seen in Table 2.2, all four of the samples had very similarrasof alumina and
titania addedSimilar to Table 2.1 the weight amount of the precursor powsléssed in the
table.Table 2.3 then describes the different experimental conditions of the four samples as each
had a different set of conditions with anithout the presence of both water and UV light. This
experiment best illustrates the effect of hydrogen on the samptasriparing sample 11D to 11

A, BandC.
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Table 2.2: Samples 11-B Precursor Measurements

Run 11A Run 11B Run 11C Run 11D
Al203 (9) 0.053 0.050 0.051 0.053
TiO2 (g) 0.007 0.007 0.007 0.007
% Ti 3.06 3.23 3.17 3.06

Table 2.3: Synthesis Conditions®mples 11 A

With UV lamps (72 hrs.)

Without UV lamps

With H20 (~3642 mL)

Run 11D

Run 11B

Without H2 O

Run 11C

Run 11A

For each sample, once the synthesis process had been completed the samples were then

transferred to glass vials for conveniemrage. The vial would then be filled with isopropanol

(IPA), placing the particles in a suspension, which allowed for the sartipbe kept safely for

long periods of time and easily transported and prepped for characterization. Sample preparation

analyss could be a simple process of placing the glass vial into a ultrasonic bath for ~5 minutes

to further disperse the particlasthe IPA. The suspension could then easily be drop cast on to

glass slides, silicon wafers, and TEM grids and then left toQinge the IPA had evaporated

samples could then be analyzed. Sample characterization was carried out using a number of

differentinstruments.
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2.2 Optical microscopy

Human eyes can resolve features that are 0.2 mm apart from one another, which is known
as tte resolution power of the human &y€or details which are smaller than this some sort of
magnification tool is required to overcome the limitations of humgesight. Optical
microscopy utilizes light travelling through magnifying lens observe details that cannot be seen
by thenaked eye. Optical microscopy is an important first step in sample analysis, because it can
provide a quick check of the quality thfe sample. Optical microscopy can give hints about the
crystalline nature of samples. Optical microscopy can also be asegkisure color changes in
materials. Semiconducting materials will change color with a change in the bdnd@ljjamften
occurs withdoping of the material. The optical microscope utilized was a Zeiss Axio

Imager.Alm equipped with a AxioCam MRc5.

2.3 X-Ray Diffraction
X-Ray Diffraction (XRD) is a widely used nondestructive analytical technique used to

determine information aboutraaterials crystal structure. When ainay probes the atoms of a

solid material, the xays can be scattered by the electrons of the atdrhe scattered waves can

then have either constructive or destructive wave interference. Tb&uive interference

occurs due to the materials repeating atomic struttline constructig interference occurs

when Braggébés |l aw is satisffed, which can be
¢_ ¢Qi Q¢ — Eq. 2.2

Where n is an integer,is the wavelength of the-pay, d is the interplanar spacing, ard the

diffraction angle. By scanning through a range efgéhgles, all possible diffraction direction of

the lattice should be detemmed. The resulting diffraction pattern should contain information of
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the atomic arrangement in the crystal. The XRD instrument used Rigalku SmartLab XRay

Diffractometerin a BraggBrentano mode, with measurements made by Dr CGimgng Chung.

2.4 Sanning Electron Microscopy

The first Scanning Electron Microscope (SEM) was constructed by von Ardenne in 1938,
by rastering a TEM electrobeam over the surface of a sample 1942 Zworkin was thérst to
use a SEM to examine the surface of a bulk specimen using & Skificant develpment of
the SEM was conducted by Oatley and McMullan, reaching a resolution of 50nm f 1952
Numerous improvements to SEM have taken place since then with resolution improving to
~0.5nm toda¥f. Electron microscopes have a higher resolution than optical microscopes. Optical
microscopes are limited by diffraoti properties but because electrons have shorter wavelengths
than photon, electron microscopes can have much better resolution and seenalierh
detailS.

Scanning electron microscopy (SEM) utilizes a focused beam of high energy electrons to
probe the surface of a material. The electronapgoelerates electrons to energies up to 3¢keV
Electrons travel down the column passing through the electromagnetic lenses which focus the
beamon the surface of the material. The focused electron beam scans over a specific area on the
surface of the material in a raster pattewhen the electrortsit the material, they can then
interact with the it in several ways. Once the electrons reach the surface, they lose energy and
random sctiering and adsorption events occur within a tear drop shaped volume of the material,
which is known as the interagti volumé*L The size of the interaction volume can depend
upon factors such as the elecs@nergy, atomic number of the specimen and the density of the

specimef?. Figure 2.2 illustrates the interaction volume and the various signalsathae
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produced by an electron beam. The signals that were used to characterize samples were the
secondary electran(SE), characteristicpay (EDX), and cathodoluminescence (CL). The
characteristic xays can be measured using two different systemesel'systems are known as
energy dispersive spectroscopy (EDS) or wavelength dispersive spectroscopy{\WHs)
difference is the way the signals are measure Eystems were used to measure these
samples. The SEM instruments that were used was a JEOL 6010LA SEM and a JEOL JS

7600F SEM complete with CL detector: HoribaCGHUE.

electron beam

Auger Electrons (AE) Secondary Electrons (SE) (~100 nm)
surface atomic composition topographical information (SEM)

Backscattered Electrons (BSE)
atomic number and phase differences (~500 um)

Characteristic X-ray (EDX) \

thickness atomic composition
Continuum X-ray
(Bremsstrahlung)

(~1-4 pm)

(~1nm)
Cathodoluminescence (CL) f

electronic states information

(~1-5pm) (~1-3 pm)

SAMPLE

Inelastic Scattering
composition and bond states (EELS) Elastic Scattering

ff
incoherent Elastic structural analysis and HR imaging (diffraction)

Scattering

Transmitted Electrons
morphological information (TEM)

Figure 2.2: The Interaction Volume created by an Electron Beam
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Both SEMs were used to generate SE images cfaimples. Secondary electrons are
generated by inelastic scattering interactions. Incident electrons transfers a substantial amount of
energy to the atoms of thematelfal Thi s | eads to an excitation
which leads to the generation of what is known as secondary eet®E provides a
topographical imagefahe sample. The instrument settings for the SE images are all listed with

each accompanying image in Chapter 3, most images were acquired at 20 kV.

2.4.1 Energy Dispersive Spectroscopy
Energy Dispersive Spectroscopy (EDS) is a technique that can be useetatg an
elemental analysis of a sample. Incident electrons excite electrons in the inner shell. The excited
electron is then ejected and leaves aiokn electron at a higher energy level will then drop
into the lower energy level and will emit a characteristiayx with the energy being the
difference in the two energy levélsThe characteristic-rays can then besed to determine the
elements which are present in the material, as each element will-eaigi »f different energies.
The EDS measurements were performed on the JEOL 6010LA SEM. The accelerating voltage

for each measurement was 20 kV.

2.4.2 Cathodoluminescere

Cathodoluminescence (CL) is capable of characterizing defects and impurities which are
present in a material systéfinWhen a crystal is bombarded by electrons that a have a
sufficiently high energy, electrons in the low energy valence band will be exciteslHigltier
energy conduction baitl This leads to the creation of electioole pairé’. The energetic

electrons the attempt to return to the lower energy level and can be temporarily trapped by
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intrinsic or extrinsic trap$. An intrinsic trap is caused by structural defects and an extrinsic tap
can be caused by impuritésWhen the electron vacatthe trap, after a few microseconds, it

will emit energy in the form of photons causing luminescEréeCathodoluminescence
measures the wavelength of the emitted photons.Wdrvik was conducted on the JEOL JSM

7600F SEM complete with CL detector: HoribaQdHUE by Dr. Chuanzhen Elaine Zhou

2.5 TransmissionElectron Microscope/ Scanning TransmissionElectron Microscope
Transmission Electron Microscope (TEM) is a simpanciple n some way to SEM,
however there are key differences. TEM analyzes electrons which have transmitted through the
sample and so the detectors are below the sample, instead of above the sample. This leads to
TEM samples needing to be less than ~A@0thick. SEM resolution limited to ~0.5 nm while
TEM resolution have reached 50 m Wh i | gen&d&\Wid sot exaed 30 kV, a TEM can
easily reach acceleration voltages of 200 kV electrons. Electrons are emitted by the electron gun,
and travel down the column through three or four condensé?.|@i&M arenot limited by the
wavelength of the electron in the way that optical microscopes are limited, but by aberrations to
the leng2
A different technique that the instrument is capable of is known as Scanning
Transmission Electron Microscopy (STEM). STEM combines the principles of TEM and*SEM
The STEM technique scan a very focused beam of electrons in a rater pattern across the sample
similar to SEM but with improve resoluti&®. STEM detectors are still placed after the sample
and detect transmittedeetrong*. Imaging detectors include BrigField (BF), DarkField (DF)
and High Ande Annular Dark Fied (HAADF). STEM technique is suited for EDS mapping.

The instrument used wasTalos F200X G2
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2.5.1 Electron Diffraction

TEM is capable of forming diffraction pattern which can give insight into the crystallinity
of the sample. Electrons tr@ through the sp&men and are either scattered or can remain
unaffected. The result is a nonuniform digiution of electros which exit the far side of the
samplé?. By analyzing coherent elastic scattered edesty a diffraction attern is formet?.
Sliding apertures into place to choose an area of interest, canimes@elected AreRlectron

Diffraction (SAED) pattern.

2.5.2 Energy Dispersive Spectroscopy

The principles for STEM EDS are similar to SEM EDS. The EDS system on the Talos is
aSuperX Energy Dispersive Spectrometry (SuperX EDS) system with the four $lion
Detectors (SDDthat offers maximum collection efficiency with a solid angle of 0.9 srad, while

being able to collect-rays at very high count rates.

2.6 Time Of Flight Secondary lon Mass Spectrometry
Time Of Flight Secondary lon Mass Spectrometry (TRIMS) is a surfaceensitive
analytical technique which uses a pulsed ion beam to remove the top molecules on the outermost
surface of a sampig The removed particles or secondary ions are analyzed by mass by
measuring the time itakes for the ions to fly from the sample to the detéttdORSIMS is
capable oburface spectroscgm@mnd depth profiling of a sample. This is a destructive technique
as the sample is etched by the ion beam to provide the emission of secondary @mSIMS
analyses were performed using an KDAF TORSIMS V instrument with cesium source for

sputtering and bismuth liquid metal ion gun (LMIG) source. For the depth profiles$ e &n
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with 10 keV energy and 25 nA current wastered over a 120 x 120 um ar€he BP* beam

was 0.4 pA at 25 keV and rastered over a 50 x 50 um area at the center of the sputtered crater in
nonvinterlaced sputtering modEor surface images, similar Biconditions were utilized. The

angle of inciénce was 45° from normal for bddbeamsThese measurements were performed

by Andrew Klump.
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Chapter 3: Results and Discussion
The objective of this study was to determine if thespnce ohydrogenin close
proximity of the alumina and anatase powders could mediate diffusion of titanium ions into the
alumina lattice. To test theigby-Cuomo theorya number of measurements weegfprmed on
samples of mixtures afiO. andAl2Oz to investigate if titanium is present in the aluminum
oxide particles. These measurements looked at possible changes in lattice structure and elemental
analysis of the crystaldeasurements include XRD, $Ewith EDS and CL, TEM/STEM with

EDS, and TOFSIMS.

3.1 XRD measurements

The first step was to examine the crystal structure of the materials. The precursor
powders were first analyzed to ensure the powders had only one phase present. A reference
patternfor each material was made of the starting matefigalsomparison to the final sample
after processing. This can allow for changes in the crystal structure to be seen. The precursor
Al>0s andTiO2 powders XRD patterns can be seen below in Figure 3.1. The top diffraction
pattern forAl .Os indicates ar}Al 03 phase preseht. The bottom diffraction pattern matches

the XRD signature for anatase
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Figure 3.1: XRD data of the precursédsOs shown in red and@iO2 shown in blue

Figure 3.2 shen below compares the diffraction pattern of the precursor materials to
Sample 8 (see Table 2.2). The green pattern which has been overlaid WiththadAl .03
patterns. From this, it can be seen that Sample 8 has many of the same characteristichgeaks
UAI0;, with the red and green patterns have
also be seen that some of T@®: still remains in the sample with Sample 8 exhibiting Tr@>

peaks most clearly at ~55 degrees.
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Figure 3.2: Th&iO2 andAl 20z precursors (blue and red respectively) have been overlayed with
the XRD spectra for Sample 8 (green)
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Figure 3.3: The XRD pattern féd Oz precursor material in red and Sample 8 in black

Figure 3.3 shows a direcomparison bthe (014), (110), and (113) peaks for the
aluminum oxide precursor and Sample 8. It can be seen that the Sample 8 peaks have slightly
shifted to higher angles in comparison to the peaks of the precursor powder. When doping a
material, the pde would nomally shift to lower angles, because the incorporation of interstitial
atoms usually causes a straining of the lattideshift towards a higher angle usually represents
a lattice relaxatioh A possible explanation for this observation could betdueducing
diffusion in the sample. Our hypothesis is that hydrogen in some form mediates diffusion of
titanium ions into the aluminum oxide lattice. It would not be unexpected that this would also

cause selfliffusion of the aluminum and oxygen atomsaal. Thisself-diffusion could be

37



rearranging the lattice and lowering the defect concentration, which would cause a relaxation of
the lattice. This could possibly explain the peak shifting towards higher amblegrocess
could be similar to the rolef hydrogemannealing explored in Section 1.4. Hydrogen annealing
can be used to smooth films and round corners. Thesdifafion processscould have been
responsible for the lattice relaxation seen in FigurelBiSimportant to note that hydroge
annealingakes place at elevated temperatures, but this work has occurred at room temperature
with a high energetic photon input.

Figure 3.4 is a comparison of Sample 8 with a diffraction pattern of aluminum titanate
acquired from the litetare®. Aluminum titanate XRD pattern has many similarities with the
XRD pattern of Sample’8but as illustrated in Figure 3.2 Sample 8 also seems to have a similar
pattern as both aluminum oxide and titanium oxide overlayed with one another. A distinct
paossibility that must be considered is alloying has occurred illustrated in Equation 3.1.

oo "YQU 0 dYQO Eqg. 3.1

The diffusion of ions that has thought to have occurred, may have taken place on a larger scale
that previously thought. It isgssible that because the relative percentages of aluminum oxide to

titaniumoxide the resulting material is an alloy rather than aluminum oxide that has been doped.
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3.2 Optical MicroscopyData

The first step in characterizing any samples starts with optical microscopy. This technique
is very easy to use and very quick. Samples can be drop cast onto a glassdstided with
relative ease. This technique can then be used to look at thalorgshature and the color of the

samples to determine if further analysis is worthwhile.

Figure 3.5: Optical image of a particle from Sample 3

Figure 35 illustrates a particle of interest that seems to be slightly below an aluminum
oxide particle. The particle at the back has a strikingly blue color. This particle also has very
defined facets to it, especially when compared to the larger white partictes very similar to
the particle seen in Figure 3.6 a and b in particuldhel$e particles have been exposed to

significant quantities of hydrogen it could be possible this has led to a shape change.
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Figure 3.6: Optical Data froil@ample 3

Another thing to note is the sizes of the particles. Figure 3 §uitis large especially in
comparison to Figure 3.7a. Yet these particles have very similar blue colors to them. All of these
particles have been altered from the whuarticle that can been seen in the background. Yet the
alteration does not seem to b@farm at times. The white particles are known to be aluminum
oxide particles. Anatase is also known to be a white powder as well. This means that the blue
particles & crystals that have had an alteration of the band gap. It is important to noterthat the
is a lack of uniformity in the color of the crystals. Multiple blue crystals are shown in Figures
3.5, 3.6, and 3.7, and each has a slightly different hue. Alseyroy particle has turned blue,

some have remained white. This is due to the randounenat the process.
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Figure 3.7: Optical images from Sample 5

3.3 SEMData

The scanning electron microscope is a powerful tooitestigate the morphology and
size of particles, using secondary electron (SE) mode. And this can thembimed with an
elemental analysis of the particle or cathodoluminescence emission. Energy Dispersive
Spectroscopy (EDS) can provide elemental magpif an area of interest, which can show the
distribution of titanium throughout an aluminum oxide crystdlich would be expected if there
has been titanium diffusion into the lattice. EDS can then be used to provide rough calculations
of the molar perentages of different elements within areas of interest. This can be used to
determine if the amount of titaum within a aluminum oxide crystal is within expectations.
Cathodoluminescence (CL) is a phenomenon where electrons impacting a luminescent materia
can cause the emission of photons. Electrons are excited to the conduction band and then
recombine with dole in the valence band, with the difference in energy emitted as a photon.
Measuring the energy of the emitted photons can provide informatian ace elements and

defects present in the material.
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SEl 20kV WD10mmSS60 x900 20pm
NCSU MSE JEOL JSM-6010LA Feb 19, 2020

Figure 3.8: Crystal picked up on carbon téeen Sample 3 (a) Bright Field image viewed in
Optical Microscope (b) Secondary Electron image of the same crystal

l 1 50 pm T K C 1 50 pm SEI
Figure 3.9: EDS data from Sample 3 (a) Aluminum map (b) Oxygen Map (c) Titanium
(d) Titanium map overlaid with SE image
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Table 3.1: EDS Quantification from Figure 3.9 of Sample 3

Chemical F Mol e %
@) 56. 12
Al 41. 33
Ti 2.55

The crystal seen in Figure 3.8a is typical of the crystals that are produces in this work and
was produced in Sample 3, sksble2.1. The brightfield image shows the brilliant blue color of
the crystal. Figure 3.8b shows the topography ottiistal in the SEM. Figure 3.9 shows EDS
maps for the crystal. As would be expected the Aluminum and Oxygen maps are very
concentrated in outles of the crystal shape. Figure 3.9c shows the titanium distribution
throughout the crystal, and it has a refelty uniform distribution. A crystal that had heavy
concentrations in small areas would suggest the anatase had merely accumulated in close
proximity to the alumina. Looking at Figure 3.9d shows the titanium distribution overlayed with
the secondary electn image of the crystal, and it would suggest a very even distribution of
titanium throughout the crystal. Table 3.1 shows the molar percentdgach element in the
crystal, once the carbon tape background has been subtracted out. With roughly an®|a% %
mass of titanium, this crystal is very comparable to the theoretical percentage of titanium in
sample, shown in Table 2.1 was at 2.67¥%ede values are very similar, definitely with in an
expected margin of error. Figure 3.10 contains the EDS maisanother crystal found in
Sample 3. Interestingly Table 3.2 which contains the quantification of the EDS data for Figure
3.10, calculates thpercentage of titanium to be 3.06% for the crystal in Figure 3.10d. This value
is not only higher than Figure® but also higher than the percentage of titanium as a whole
within the powder mixture. However, the quantification for EDS is not alwaigblel EDS
quantification is only useful for determining if the percentages are within the margin of error.

Therdor this data can only be used to $lagt both crystals have titanium concentrations which
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are very close to the percentage of titanium wexit into the sample synthesis. But this
important because it would be expected that any titanium presence \eaadglomerates, but
both EDS maps show well dispersed concentrations which were then quantified to be within an

expected molar percentage.

C——————————301mm

TiK SEl

Figure 3.10: EDS data from Sample 3 (a) Aluminum map (b) Oxygen Map (c) Titanium |
(d) SE image opatrticle of interest

C————————301mm

Table 3.2: EDS Quantification from Figure 3.10 of Sample 3

Chemical Formula Mole %
@) 56.89
Al 40.05
Ti 3.06
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3.3.1 Sampe 11 SEM Data

The SEM data for Samples 1X[Ashow the difference that hydrogen may play in these
experiments. Tables 2.2 and 2.3 in the previous chapter describes the different experimental
conditions of the four samples. These four samples had veaisamounts oidentical
powders mixed together but then exposed to different conditions of with and without water and
with and without UV light. The truest comparison will be between Sample 11D and the other

three samples, as Sample 11D had both watetUahieght.

SElI 20kV WD10mmSS50 x4,000 S5um
NCSU MSE JEOL JSM-6010LA Nov 02, 2020

Figure 3.11: Secondary Electron image of a crystal from Sample 11A

Figure 3.11 is a SE image of a crystal from 11A, with a blue box indicating the area of
interest from where EDS data was acquired. The EDS maps are shown in FiguretB.i#& wi

titanium map very sparse. Only a few signature titanitnays were detectefidom the crystal
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found in Figure 3.12d. Table 3.3 has the molar percentages calculated from the EDS counts, and
the titanium signal measured was too low to be calculated.siggests that the aluminum

oxide crystal does not have a significantamountdftani um pr esent . Gi ven
was NO water and NO UV light this is to be expected. It would suggest that this sample did not

have titanium diffusion into thiattice unlike previous samples.

NCSU MSE JEOL JSM-6010LA Nov 02, 2020

SEl 20kV WD10mm SS45 x9,500 2pm

L 3 5.0 pm TiK
Figure 3.12: EDS maps for Sample 11AA&uminum map (b) Oxygen Map (c) Titanium
map (d) SE image for area of interest

Table 3.3: EDS Quantification from Figure 3.12 of Sample 11A

Chemi cal F Mol e %
O 5 . 79
Al 43,21
Ti Not detec
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SElI 20kV WD10mmSS48 x3,000 S5um
NCSU MSE JEOL JSM-6010LA Nov 02, 2020

Figure 3.13: SE image ofaystalline system from Sample 11B

11B6s Sample apparatus had been filled wit
and so the water merely evaporated. This would mean that the samrspepesed to minimal
hydrogen at best, similar to 11A. Figure 3st®ws a crystal from Sample 11B, with the blue
box indicating the area of interest for which an EDS spectrum was acquired. Figure 3.14 contains
the EDS maps for Al, O and Ti, with the Ald@ maps very dense, and the Ti map showing
very little signal. Tale 3.4 has the quantification of the EDS spectrum, which calculates that
there is approximately 0.3% Ti present. This would suggest that diffusion of Ti into the sapphire
lattice has eithemot occurred or happened in very low levels. This is similaneéd=DS data for

Sample 11A.
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Figure 3.14: EDS maps for Sample 11B (a) Aluminum map (b) Oxygen Map (c) Titaniur
(d) SE image for area of interest

Table 3.4: EDS Quantificiain from Figure 3.14 of Sample 11B

Chemical Formula Mole %
(@) 56.42
Al 43.28
Ti 0.3
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' 1 10 pm SEI
Figure 3.15: SE image for a particle from Sample 11C
Sample 11C was the opposite of 11B, the tray had no water present, but the sample was

placed under the Ulamps. Therefore, any hydrogen present would have had to come from
moisture in the air, which could occur in low quantities, it is unlikely to haea hesignificant
amount. The EDS data for 11C can be viewed in Figure 3.16. The large agglomeratadnrcryst
the area of interest seems to have only Al and O signals, with the Ti map showing no signature X
rays from that area. This is backed up by loglkah Table 3.5, which expresses the quantification
of the EDS signal from region 001 highlighted in Fey@r16d. The titanium signal was not
detectable, indicating that any titanium that may have been present was in too low a
concentration to be quantiieWhat is interesting to note is the smaller crystal next to the larger

seems to be @02 particle. TheTi signal appears very strong in that region, with very limited
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aluminum signal from that area. This would indicate that the UV light alone is nagleto get

diffusion of titanium from titanium oxide crystal to an adjacent aluminum oxide crystal.

[ 110 pm

110 pm

Table 3.5: EDS Quantification from Figure 3.16 Region 1 and Region 2 of Sample 11C

C K
Figure 3.16: EDS maps for Sample 11C (a) Aluminum map (b) Oxygen Map (c) Titaniur
(d) SE image for particle of interest, with Regions 1 atab2led

ChemicalFormula Mole % Region 1 Mole % Region 2
©) 53.78 72.38
Al 46.22 7.00
Ti Not Detectable 20.63
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SElI 20kV WD10mmSS52 x4,500 Spum T —
NCSU MSE JEOL JSM-6010LA Nov 20, 2020

Figure 3.17: SE image of a particle fr&@ample 11D

Sample 11D was the only sample out of the four to be exposed to the presence of water
and be placednder a UV lampwhich is a method to generate hydrogéigure 3.17 is a SEM
image of two crystals from Sample 11D, the morphology of thecty&tal in Figure 3.17 appear
to be differentFigure3.18contains the EDS maps for the crystals founBigure 3.17.Figure
3.1& indicaesthe location fronwhere two different quantifications of the EDS spectrum were
acquired Figure 3.18 shows theitanium distributions throughout the crystal, and while it is not
evenly distributed, there is clearly a higlsggnal of titanium throughout the predominantly
aluminum oxide crystal than in any of the titanium mapSgure3.1Z, 3.14c, and3.16c. Table
3.6 has the calculated molar percentages from region 001 and 002 as Bgena.18d

Region 001 indicatethat the large crystal is an sapphire crystal, with ~4% titanium present.
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Compared to the theoretical percent titanium in the sample, fourabie2.2 of 3.06%,this is

within a reasonable margin of error. Region 002 is interesting because both Figuaad.

Table 3.6 indicate that the smaller crystal has a much higher percentage of titanium present than
aluminum. This crystal could have bestitanium dioxide crystal that then had aluminum ions

diffuse into it.

C 110 pm Al K C 110 pm OK

110 pm TiK C 110 pm SEI

Figure 3.18: EDS maps for Saled 1D (a) Aluminum map (b) Oxygen Map (c) Titanium
map (d) SE image for particle of interest, with Regions 1 and 2 labeled

Table 3.6: EDS Quantification from Figure 3.18 Region 1 and Region 2 of Sample 11D

Chemical Formula

Mole % Region 001

Mole % Regon 002

©) 57.54 61.94
Al 38.35 10.6
Ti 411 27.46




Overall, when comparing Samples 14DA it seems clear that Sample 11D, which had
the hydrogen generation, had a sapphire crystal with a significant concentration of titanium
present. This would suggebtt the presence of water coupled with UV light #repossibility
of hydrogen generation could cause the mixing of titanium oxide and aluminum oxide which was
illustrated by the data for Sample 11D. The nature of photocatalysis leads to the geonération
hydrogen from water. This process has occurredbsegroximity to SamplélD, and the
resulting EDS maps tell a story of the mixing of titanium into the aluminum oxide particle. The
role of hydrogen is not clearly understood yet, but it seems taplayportant job. In
comparison, Samples 11 A, B, a@dlid not seemingly have any mixing of titanium with
aluminum oxide. This was reflected in the titanium EDS maps for the three samples, with little
evidence of any titanium presence in areas of alumifithe only difference between these three
samples an@ample 11D, is that these three samples did not have hydrogen generation occur in

the experiment apparatus.

3.3.2 Cathodoluminescene Data

Cathodoluminescends usedto learn about the electronic states présn the material

Figure 3.19: Particle from Sample 3 (a) SE image op#récle (b) CL signal from the
particle
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Figure 3.19a shows a patrticle from Sample 3 in the-8fgM. The CL signal is on the
right as Figure 3.19b and it is noticeable that the signal has similar shape and out lines as the
topography of theample seen on the left. This would indidhiat the signal for the sample is
uniform throughout the sample. The spectra acquired for Sample 3 is shown below in Figure

3.20, with the main peak ~321 nm. This is indicates the presence of F+ centers atettiafth

2500 T T T T T T T
Sample 3

2000 | .
1500 | , .

1000 | / g

500 .

Intensity (A.U.)

_500 1 1 1 1 1 1 1
200 250 300 350 400 450 500 550 600

Wavelength (nm)
Figure 3.20: CL spectra for particle in Figure 3.19

An F'-centers is an oxygen ion vacancy with one trapped elé@tiinis vacancy has
four nearest neighbors #land twelve adjacent®ions'!. F'-centers existence can be very
dependent on the history of the crystal grd#tWhen titanium ions are doped into the lattice of
Al2Os it leads to local environment distortions due to the radius difference of titanium and

aluminum atom$. Titanium ions also create charge mismatches as well due to the difference in
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valence stafé. This creates the necessity of the introduction of defect structures into the crystal
to stabilize and copensates for the presence of the impufritickhe defects that have the lowest
formation energy is G ion vacancy*. So, it would not bexpected that the emission present

would be a type of oxygen vacancy.

O QuOQOHIMEE 0 Q o ¢na Eq. 3.2
"0 QONO O W & Q 00 "Qocgimd Q Eq. 3.3
0 Q O "0 z0 "0 'O o ¢&nd Eq. 3.4

(The astesk (*) denotes the excited state)

Equation 3.2 describes the behavior 6Enters under electron beam excitation, which
leads to an emission of roughly 320 nm. Other forms of oxygen vacancies can also contribute to
the F emission. Fcentes have two trapped electrons in an oxygen vacancy, antf-aeriter is
an oxygen vacanayith no trapped electrois Equations 3.3 and 3.4 describe the steps that
under prologed electron beam irradiati that Fcenters and #-centers may take and lead to
increase Fcenters emissidfA This is not an unexpected occurrence due to the nature of SEM
imaging. Which could lead to the possibility of multiple types of oxygen vacancies all

contributing and increasing the intensity éfdfmissions.

3.4 TEM/STEM Data

Transmission Electron Microscopy (TEM) is an extremely powerful tool that can be used
to examine patrticles at the nanoscale. High Resolution TEM (HRTEM) can provide atomic
resolution images of crystal, which can provide unparalleled capaljiiyamining the atomic

structure. TEM can also be used to acquire electron diffraction patterns. Selected Area Electron
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Diffraction (SAED) can be utilized to determine the crystallinity of a particle, i.e., single or multi
grain, and can be used to meadattice parameters. Scanning Transmission Electron

Microscopy (STEM) mode can simultaneously allow for angular-Biaklt imaging and EDS

mapping of the sample. Imaging modes include FAglgle Annular Dark Field (HAADF),

Bright Field (BF), and Dark Fiel(DF). Each mode can help highlight the characteristics of the
particles examined. This technique can provide a wealth of information that can only be found at

the nanoscale of the material.
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Figure 3.21; TE image of crystal from Sample 3 viittaid SAED pattern in top left corner

Figureds 3.21 and 3.22 are TEM images of p:
particles provide interesting contrast of the type of particles that this experiment can produce.
The SAED pattern in #htop lef corner of Figure 3.21 indicates the particle is single crystal. The
di ffraction pattern was acquired for a region

the SAED pattern for Figure 3.22, showing the polycrystalline nature gbainétle The

58



multiple rings seen in the diffraction pattern illustrates that the particle has multiple grains is
varying orientations. This is reflected the multiple facets that can be seen in the TEM image.
Another point to consider is that the particid-igure a is several hundred nanometers, yet most

of the grains in Figure 3.22 are around 20 nanometers across. All of this illustrates that the
experimental process does not produce uniform crystallinity. It has always been part of the
hypothesis thathe expement should not only promote diffusion of ions but could possibly
mediate crystal growth as well. However, the vast differences in crystal sizes that are found in
various samples makes it hard to make a definitive conclusion. Comparing thetseze o

patticles in the TEM images to particles seen in the SEM images of hundreds of microns across,

makes it hard to say that crystal growth has definitively occurred.
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Figre 3.23: HRTEM image from Sample 11D

Delving deeper into exploring the structure of the crystals is aided by the possibility of
atomic resolution imaging. Figure 3.23 is a HRTEM image of a series of crystals from Sample
11D.One of hese single crystals is shown below in Figdid where tle width of the atoms
can be measured to be 0.28 nm. When considering that the radius of an aluminum atom is 143
pm'®, or 0.143 nm then it standsreason that the distance measured is the width of an

aluminum atomThe atomic resolution imaging shows that despite the theorized migration of
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atoms the structure of the material remains cohgwéth this crystal indicating no major

dislocations, vacanes, or other defects.
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Figure 3.25: STEM images of Sample 3 (a) HAggle Annular Dark Field (b) Bright Field

Figure 3.25, seen abovs,an image of a muitirystalline system capture in STEM mode,
with the HAADF and BF images were acquired simultaneously. With such a high resolution
afforded it is possible to see that while some particles from these experaaesisem to be a
single cystal (as seen in the SEM data). This particle has many facets to its structure; therefore,
it is polycrystalline. Elemental analysis of the particle was conducted using EDS. The EDS maps
are shown below in Figure 3.26. The pdetis mostly composed oftaninum and oxygen
which would be expected. What is interesting to note is that there seems to be regions of high
titanium concentration around the edges but much lower titanium concentration in the middle of
the particle, whichd illustrated by Figure 36c¢. Table 3.7 shows the atomic fraction of titanium
for region 1, which was measure at the edge of the particle, seen in figure 3.26d, is much higher
than the atomic fraction of titanium of region 2, 1.70% to 0.3B84s could behe result of a

concentréon gradient that has occurred due to the direction of diffusion. It is plausible that for
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this specific particle, the titanium ions beg
But there was not a enough energy, amgviorce and/or time to sare a uniform concentration
throughout the particle, and the bulk of the titanium atoms became trapped at bottom.

One caveat to this EDS data set is the percentages of oxygen vs aluminum in region 1 and
2. In region 1 with highetoncentration of titaniunwhich could besubstitutionallyreplace
aluminum atoms it would be expected to have higher oxygen content. However, it is currently
unknown why region 2 has a lower oxygen content than aluminum. Even if it weralpOge

stoichometrically it would be gpected that there should still be a higher oxygen content.

Table 3.7: EDS Quantification from Figure 3.26 Region 1 and Region 2 of Sample 3

Element Atomic fraction Region 1| Atomic fraction Region 2
O 53.53 48.52
Al 44.77 51.13
Ti 1.70 0.35
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Figure 3.26: STEM EDS data for Saple 3 (a) Oxygen map (b) Aluminum Map (c) Titar
map (d) Overlay of Ti and Al maps, with Regions 1 and 2 labeled
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Figure 3.27: STEM irﬁéges for Sample 11D (a) HAADFIBR (c) BF) (d) HAADF of
regionfor EDS seen in Figure 3.28
Figure3.27shown above shows a larger particle than seen in F&gRBewhich does
have the result of certain bulk features being less visible. Elemental analysis of the particle is
shown below in Figure 3.28. Whia interesting is some of the morphology features lost in
Figure 3.27, seem apparent in Figure 3.28b the oxyggn with differing intensities of signal
giving a better idea of topographic features for the particle. The titanium map in Figure 3.28c

indicates that this crystal has titanium dispersed throughout the particle but several locations of
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higher concentratim Table 3.8 quantifies the atomic fraction of titanium in two regions. Region

1, which can be seen in Figure 3.28d is clearly a regionanliiyh titanium concentration at
approximately 8%. Conversely region 2 of the particle is a much larger areaaitdriium
concentration fall to approximately 4%. When comparing this to the expected amount of titanium
from Table 2.2 of 3% this is withian expected margin of error. What this illustrates then is that
the method of diffusion does not create uniformaatration throughout the crystal but can

create localized regions of higher concentrations of titanium.

Figure 3.28: EDS dataa®ple 11D (a) Aluminum map (b) Oxygen Map (c) Titanium map
Overlay of Ti and Al maps, with Regions 1 and 2 latle
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Table 3.8: EDS Quantification from Figure 3.28 Region 1 and Region 2 of Sample 11D

Element Atomic fraction Region 1| Atomic fractionRegion 2
©) 41.70 41.82
Al 50.37 53.94
Ti 7.93 4.24

(b)

Figure 3.29STEM images for Sample 11D (dAADF (b) DF2 (c) BF) (d) HAADF of
region for EDS
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Figure 3.29 shown above is another particle from Sample 11D similar to FigudrerBis
particle has two obvious regions of different thicknesses. The elemental analysis of Figure 3.29d
is stown below in Figure 3.30 and Table 3.9. This particle seems to have a closer to uniform
titanium distribution than the particle seen in Figdu28. While the titanium map in Figure
3.30c shows higher signal in region compared to region 2, the approxjuzatefications for
the two regions is with-3%. This could be due to the factor of the thickness difference seen
within the particle. Of cowe, EDS cannot provide any depth analysis of the sample, but merely

count the characteristicray signals of edtelement.

U

num map (b) Oxygen Map (c) Titanium mg

1 um

Figure 3.30: EDS data Sample 11D (a) Alum
Overlay of Ti and Al maps, with Rgns 1 and 2 labeled
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Table 3.9: EDS Quantification from Figure 3.30 Region 1 and Regiorsaraple 11D

Element Atomic fraction Region 1| Atomic fraction Region 2
O 46.11 52.88
Al 50.93 44 .96
Ti 2.97 2.16

Comparing Tables 3.7, 3.8nd 3.9 show that each of the three tables has at least one
region where the ED&uantification has calculated a lower oxygen percentage than aluminum
content. It is definitely unexpected as both aluminum oxide and titanium oxide stoichiometrically
have hgher oxygen contents than aluminum or titanium, respectively. When viewed lielpara
with the CL data, it begins to make a little more sense. The CL emission most present was that of
F+ centers, which are oxygen vacancies. In juxtaposition with the El2$héae seems to be an
oxygen deficiency in the material. One possible explanaif this phenomenon could be that
when the photocatalytic water splitting process could be siphoning oxygen out of the sample.
The breakdown of water can producgedds. Reraval of lattice oxygen can be achieved by
many different reducing agents and aocoon one is hydrogéh

00 OO0 00 Q Eq. 3.5

The reaction between a generic metal oxide gvEdd hydrogen to form a lower oxide

and water vapor is represented in Equation 3.5. Part of the ongoing process could involve the

reduction otthe surface of the material resulting in oxygen vacancies in the material.

3.5 TOF SIMS Data

TOFR-SIMS is a highly sensitive surface analytical technique, that is adept at both
elemental surface analysis and depth profiling measurements.erhergal mapping mode is
capable of identifying all atomic and molecular species on the surface. It is higbilyvgen
measurement of the uppermost monolayers of the surface for a material. Data can also be
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collected in a depth profiling mode. By erodihg surface of the material any change in
composition can be recorded. Knowing whether the titanium distribigtimerely at the surface
or beyond the first few nanometers can give a better idea of the extent of diffusion that has

occurred.
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Figure 3.31: Elemental surface image of Sample 3 (a) Total intensity (b) Al+ signal (c) H
signal (d) Ti+signal
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The TORSIMS data in Figure 3.31 and Figure 3.32 shows the distribution of Al, H, and
Ti throughout the regions of interest. It isally seen that the Al concentration in both Figure
3.31 and 3.32 clearly mirror the total signal, whicdicates the material is mostly aluminum
based, which would be expected. This is more clearly seen in Figure 3.31, where the changes in
topography arenore clearly seen in both the total signal and the Al signal. The H and Ti
distribution in both Figur8.31 and 3.32 are two orders of magnitude lower that the Al signal. It
is not unexpected that the hydrogenation of the surface of the material woultchaued
given the experimental conditions. The Ti distribution in the areas of interest seemmiky si
to the EDS data seen from the SEM in particular. Reasonably well dispersed around the sample

and no large agglomerates were found.
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Figure 3.32: Elemental surface image of Sample 3 (a) Total intensity (b) Al+ signal (c) F
signal (d) Ti+ signal
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