
ABSTRACT 

RIGBY, ADAM JAMES. Novel Approach to Incorporating Titanium into Sapphire (Under the 

direction of Dr. Jerome J. Cuomo). 

 

Sapphire is a ceramic material also known as aluminum oxide. It has several useful 

applications from substrate for semiconducting circuits to crystals for lasers. Ti-sapphire 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 temperature process to 

incorporate titanium into alpha phase aluminum oxide. 

Aluminum oxide and titanium oxide powders were ground together and submerged in 

water. Taking advantage of TiO2ôs photocatalytic properties, the water was then split using UV 

lamps, producing hydrogen and oxygen. This work 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 parallels to this work. 

Samples were analyzed with XRD, SEM, TEM, EDS, CL, and TOF-SIMS. 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 data elucidated 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 material. The TEMôs EDS also verified titanium concentration within aluminum 

oxide crystals. The elemental analysis provided by TOF-SIMS validates the EDS from both SEM 

and TEM showing a small titanium presence in aluminum oxide crystal. TOF-SIMS was also 

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

           Aluminum oxide, also known as sapphire or alumina is a high melting point crystal. 

Sapphire has a high refractive index, high hardness, surface smoothness, good tensile strength, 

thermal conductivity, electrical insulation, and thermal shock resistance1. The chemical 

properties of sapphire are stable as well, with sapphire being insoluble in water, nitric acid, 

sulfuric acid, hydrochloric acid, hydrofluoric acid, and phosphoric acid up to 300°C; and 

insoluble in alkalis up to 800°C1. This 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)2. 

 

1.1 Aluminum Oxide Structure 

Aluminum oxide has the chemical formula of Al2O3 and is a polymorphic material with 

many various crystal phases possible, but the most thermodynamically stable is alpha-Al2O3, 

also known as corundum. This phase has a trigonal crystal symmetry described by the Rσc space 

group1,3. The rhombohedral structure can be seen below in Figure 1.1. The crystal lattice takes 

the form of O2- anions in closest hexagonal packing with Al3+ cations located in the octahedral 

hollows between the closely packed O2- ions1. The Al3+ ions fill only two thirds of the octahedral 

hollows1, which is illustrated below in Figure 1.2. 
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Figure 1.1: Corundum structure (Al, small sphere; O, large sphere)3 

 

 

 

 

Figure 1.2: Schematic of the packing of O2- ions in the sapphire cell1 
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1.1.1 Luminescent Centers 

Anion-defect crystals of Ŭ-Al 2O3 have effective luminescent centers. These crystals 

involve a relatively high concentration of oxygen vacancies, which form electron-trapping 

centers4. The oxygen vacancy defect may be associated with one or more impurity ions or with 

an interstitial intrinsic defect such as a misplaced interstitial oxygen atom5. Occupancy of an 

oxygen vacancy by two electrons is known as a F-center, whereas occupancy of any oxygen 

vacancy by only one electron is a F+-center, which has a positive charge with respect to the 

lattice and usually requires charge compensation by an impurity or an interstitial atom5. The 

intentional addition of impurity atoms can often lead to oxygen vacancies. Titanium is a common 

dopant for aluminum oxide, and can be present in both the 3+ and 4+ valence state6. 

 

1.1.2 Applications 

One such application of doped Al2O3 is known as Ti-sapphire lasers. Aluminum oxide 

doped with titanium ions can be utilized as a tunable solid state laser7. The excellent mechanical, 

thermal, and optical properties of Ti-doped sapphire have allowed for the development of laser 

systems with unprecedentedly high average and peak powers8. The broad and intense 

fluorescence emission band provides a wider tuning range and higher gain cross section than 

other transition metal ion tunable lasers9. These crystals tend to have Ti doped more than several 

hundreds of ppm10. 

 

1.1.3 Synthesis 

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

the Verneuil method and the Czochralski method. The Verneuil method or the flame fusion 
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method was developed by Auguste Verneuil. A downward-pointing 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 powder through the flame, particles of molten alumina landing 

on the surface of the small crystal fused with the crystal causing it to grow11,12. Adding small 

amounts of titanium, chromium or other atoms to the powder would dope the sapphire 

accordingly. Another method is known as the 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 simultaneously13,14. 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 crystals15 
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1.2 Titanium Oxide 

           In order to get titanium into the crystal, titanium dioxide (TiO2) is often used as a 

precursor. TiO2 has various crystalline phases such as anatase, brookite, and rutile. Anatase and 

brookite are metastable phases, and rutile is the most thermodynamically stable16. Brookite has a 

rhombohedral structure compared to the tetragonal structure of anatase and rutile17. In all three 

structures the basic building blocks is a titanium atom surrounded by six oxygen atoms in an 

octahedral configuration18. In rutile, all 8 faces of the octahedral are neighbors with 10 other 

octahedral, whereas in anatase, each octahedron is adjacent with 8 other octahedral faces19. In 

rutile, TiO6 octahedra link by sharing an edge along the c-axis to form chains. These chains are 

then interlinked by sharing corner oxygen atoms to form a three-dimensional framework19. 

Anatase in comparison has the three-dimensional framework formed only by edge-shared 

bonding among the TiO6 octahedrons. It means that octahedra in anatase share four edges and are 

arranged in zigzag chains19, this is illustrated inf Figure 1.4 below. 

 

Figure 1.4: Comparison of rutile and anatase octahedron arrangement19 
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1.2.1 TiO2 Photocatalyst 

TiO2 has the capability of acting as a photocatalyst. In 1972, Fujishima and Honda 

reported that photodecomposition of water into H2 and O2 could be achieved with a Pt electrode 

and a TiO2 electrode in a photochemical cell, under UV light irradiation and an applied electrical 

voltage20. 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 wavelengths21. When a photon with an energy of Ὤ’ is equal or 

greater than the bandgap energy of the semiconductor, that is when the electron (e-) is promoted 

from the valence band to the conduction band, leaving a positive hole (h+) behind22. Anatase has 

a band gap of 3.2 eV23,24. This leads to TiO2 being activated by UV light with a wavelength of 

388 nm or lower25,26. 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 than the direct band gap23. Generally, 

semiconductors with indirect band gaps have longer charge carriers life compared to direct band 

gap semiconductors23. Anatase exhibiting longer electron-pair life would make it more likely for 

the charge carriers to participate in any surface reactions taking place.  

When TiO2 is exposed to an illumination greater than the band gap, the electron-hole 

pairs are created in the surface region of the material, due to the short penetration depth of the 

UV light of ~160 nm27, this is represented in Equation 1.1.  In the depletion region electron-hole 

recombination can be retarded as photogenerated charge carriers move in different directions due 

to near surface electric fields27. However continuous illumination of the material by UV light 

will result in the annihilation of the electric field27. This creates a band flattening effect, because 

the free electrons move to the bulk and the free holes will accumulate at the surface27,28. The 
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photo-generate holes at the surface of the material will cause the oxidations of water molecules 

producing (O2) and (H+)29, which is shown in Equation 1.2. Oxidation of water at the material 

surface can also result in the formation of hydroxyl radicals30 as 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 H2 
21,29 as seen in Equation 1.4. It is also possible for the electron to 

recombine with a proton (H+), creating a hydrogen radical31, which is represented by Equation 

1.5.  The overall reaction is shown in Equation 1.6, where the UV light and TiO2 cause the 

ñsplittingò of water into hydrogen and oxygen gas.  

 ὝὭὕ Ὡ Ὤ  
Eq. 1.1 

 

 ςὬ Ὄὕᴼ ὕ ςὌ  Eq. 1.2 

 

 Ὤ ὌὕᴼὕὌϽ Ὄ  Eq 1.3 

 

 ςὩ ςὌ ᴼὌ  Eq 1.4 

 

 Ὡ Ὄ ᴼὌϽ Eq 1.5 

 

 Ὄὕ
Ⱦ

ựựựự Ὄ ὕ  
Eq 1.6 

 

1.3 Water  

           Submerging Al 2O3 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 particles converting into mixtures of Ŭ-Al(OH)3 and ɔ-Al(OH)3
32. This 

phenomenon can involve multiple competing processes including hydrogen bond formations and 

multiple H2 adsorption on the first and second layers of Aluminum. This results in the straining 

and breaking of Al-O bonds near the surface32. Anatase is another material in which hydroxyl 

groups can be attached to the surface of the material, with at least 12 different types of OH 

groups have been reported in the literature by different authors33. Hydroxylation and 

dihydroxylation cycling of anatase surface leads to a reduction in available sites for dissociative 

adsorption. This is likely due to surface reconstruction of the material34. The precise nature of the 

surface reconstruction is not always known. TiO2 powders that contained chemisorbed H2O have 

been shown to have noticeable crystal growth at elevated temperatures35. This illustrates that the 

water seems to create some change in the lattice structure of these materials.  

 

1.4 Hydrogen 

The question of the effect of hydrogen is an interesting one. Hydrogen usually interacts 

with metal oxide materials with the hydrogen associating with neighboring oxygen ions. This 

creates O-H bonds and therefor has high stability36. However, hydrogen can have very many 

different behaviors in oxide materials. Hydrogen can act as amphoteric impurity, which means 

that it may be either a donor or an acceptor in semiconductors37. It can therefore act as both n-

type and p-type dopants in different material systems38,39.  Hydrogen does not as easily diffuse in 

oxides as compared to metals, but it still can occur at lower rates. It has been shown that H+ ions 

can be swept out of oxide crystals by low electric fields which are applied at moderately high 

temperatures40. In order to remove the protons at lower temperatures, a mechanism to break the 
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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 low temperatures41.  

Hydrogen can be introduced into the oxide materials in a number of different 

mechanisms, but it often occurs during the growth process. Metal oxides are often annealed in H2 

atmospheres which can introduce hydrogen into the structure36. Ti-sapphire is often grown in in 

mixed Ar-H2 atmospheres, with 1-20% volume hydrogen42. However atomic hydrogen radicals 

can be present in low concentrations in typical H2-Ar atmospheric-pressure plasma43. Ionized 

hydrogen can exist inside metal oxides while being highly mobile36. Hydrogen can be very 

prevalent in synthesis techniques with some very interesting effects. It can also be the reason for 

specific reactions taking place. 

Studies of electrochemically hydrogenated WO3, Nb2O5, and TiO2 found that hydrogen 

can exist in two distinctive states; one state is as protons attached to oxygen ions by strong O-H 

bonds, and the other state is a highly mobile and reactive hydrogen but with a short life span36. 

Hydrogenates Nb2O5 immersed in CuSO4 solution will be covered by a thick copper layer as the 

highly mobile and reactive hydrogen diffuses out of the metal oxide and reduces the Cu2+ ions36. 

Electron transfer from hydrogen to the metal oxide only occurs while the hydrogen is still highly 

mobile36.  

Using hydrogen as a part of synthesis techniques can otherwise alter the final product. 

Hydrogen annealing is a process that is often used for various device fabrication techniques. This 

can promote some interesting effects. Studies on hydrothermal crystal growth have found that the 

hydrogen gas can play an important role in the morphology and direction of crystal growth44. 

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

the graphene layers or induce nucleation of addition layers, depending of different growth 
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conditions45. Hydrogen annealing is used to round off the corners of silicon FinFET devices and 

smooth the surface of the sidewalls46. Similarly corners and surface morphology of DRAMs with 

trench type capacitors can be smoothened by hydrogen annealing47. Hydrogen gas annealing at 

high temperatures can flatten the surface of epitaxially grown silicon48. Hydrogen annealing has 

been reported to increase the surface mobility of Ge films which ensures a flatter film49. Silicon 

Carbide can be made atomically smooth by a hydrogen etching processes50. H2 annealing at 

temperature greater than 1500oC results in removal of damaged layers or surface 

recrystallization, leading to atomically smooth surfaces51. Atomic hydrogen used in chemical 

annealing has been found to create dangling bonds at the surface of amorphous silicon. These 

dangling bonds can then diffuse along the surface and into the depth direction52. The atomic 

hydrogen will also passivate dangling bonds and can break weak Si-Si bonds52. The breaking of 

Si-Si bonds can rearrange the Si network and create a more rigid and stable network. All of these 

hydrogen annealing processes report some form of atomic motion either diffusion or otherwise 

as a result of the hydrogen annealing process. All of this suggests that hydrogen in some form 

can initiate surface diffusion in materials. The reasons that hydrogen can promote these changes 

are not always understood.  

 

1.5 Diffusion 

           Diffusion usually occurs via a vacancy motion in ionic materials53, and aluminum oxide is 

known for having only two-thirds of its octahedral locations filled with aluminum atoms1. 

Localized charge neutrality is maintained by the diffusive motion of a charge vacancy and 

another charged entity53. This is the most likely mechanism for incorporation of Ti ions into the 

aluminum oxide lattice. Ti3+ ionsô solubility in Al2O3 is relatively large and can be incorporated 
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without the involvement of native defects54,55. Ti4+ ionsô solubility is much lower and 

incorporation requires the formation of native defects for charge compensation55. The solubility 

of Ti is dependent on polycrystalline vs single crystal nature and the grain sizes of the Al 2O3
56. 

Ti is incorporated on Al sites with aluminum vacancies formed as charge compensation57. 

Aluminum self-diffusion within Al 2O3 will also increase with increasing Ti concentration57. 

Titanium sputtered on to the surface of aluminum oxide will oxidize due to active oxygen 

anions on the surface58. The formation of a high concentration region of oxygen in the interface 

can be explained by the defect chemistry of Ti ions in an Al2O3 lattice. The tetravalent Ti4+ ions 

which are formed by the oxidization of the active oxygen occupying trivalent Al3+ sites in the 

Al 2O3 lattice are some point defects with positive charge58. They have to then be compensated by 

some negative charges, which are supplied by the oxygen anions58. This means that the higher 

the concentration of  the diffused titanium ions into the Al2O3 lattice, the greater the number of 

oxygen anions which results in an increase of oxygen in the interface region58.  

Looking at the ternary phase diagram for titanium, aluminum, and oxygen shows that 

there are 39 phases in the Ti-Al -O system, they are as follows; Al (l), Al(g), Ti(Ŭ), Ti(ɓ), Ti(g), O2(g), 

Al 2O3(Ŭ), Al2O3(ə), Al2O3(ŭ), Al2O3(ɔ), Al2O2(g), Al2O(g), AlO2(g), AlO(g), TiO(g), TiO(Ŭ), TiO(ɓ), 

TiO(ɔ), TiO2(s), Ti2O(s), Ti2O3(Ŭ), Ti2O3(ɓ), Ti3O(s), Ti3O2(s), Ti3O5(Ŭ), Ti3O5(ɓ), Ti4O7(s), Ti5O9(s), 

Ti6O11(s), Ti8O15(s), Ti9O17(s), Ti16O31(s), Ti50O99(s), TiAl (s), TiAl 2(s), TiAl 3(s), Ti2Al 5(s), Ti3Al (s), and 

TiAl 2O5(s)
59. This means that the localized composition can theoretically have many possible 

structures. Another thing to consider is that Al -O and Ti-O bond strengths are similar58. The 

formation of TiAl 2O5 is the most thermodynamically stable compound60. Equation 1.7 shows the 

likely reactions that takes place. 
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 ὝὭὕ ὃὰὕ ȟ ᴼὝὭὃὰὕ  Eq. 1.7 

 

 ɝ'  χȢς  πȢπρρ4 ὯὐȾάέὰ Eq. 1.8 

 

           Equation 1.8 describes the Gibbs Free Energy that is related to the reaction found in 

Equation 1.759. In theory this is a thermodynamically favorable reaction. However from a 

thermodynamics point of view it is not always favorable to reduce Al2O3 directly by titanium, the 

reaction is controlled by the system kinetics58. 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 of 4.5-5.9 eV61, which is 

very high. Aluminum interstitials can diffuse 103-104 times faster than oxygen vacancies61. 

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 

change55. Diffusion in Ŭ-Al 2O3 is not well understood with many different mechanisms 

competing62. This makes it difficult to understand quite what is happening at times. It is also 

important to note that most of the literature 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 synthesis methodology. A detail account of the steps 

taken during the experiments. It also includes tables that list the important samples, and the exact 

conditions which each were synthesized under. The important samples are the samples which are 

represented in the results 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 will describe 

the general steps that was used to makes the samples that produced the best set of results. The 

starting place was to create a method for getting titanium in close proximity to Ŭ-Al 2O3. An 

obvious beginning step was to mix alumina powder with TiO2 powder. The aluminum oxide 

powder, Buehler Micropolish B 0.05 micron 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, was then transferred into a 

weighing dish and the weight was then recorded. The two powders were transferred into an agate 

mortar. The powders were ground together for ~10-20 minutes by hand using an agate mortar 

and pestle set. Once the powder mixture was uniformly mixed, the powders would then be 

transferred to 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 ~four-fifths of the way with more DI water. This resulted in the aluminum dishes 

containing roughly 12-14 mL of DI H2O. The powder would be mixed with the water creating a 

suspension in the dish. 
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A UV mercury lamp was then used to photocatalytically split the water. Analytik Jenaôs 

UVP Pen-Ray Lamps 90-0012-01 M were purchased, as seen below in Figure 2.1. The mercury 

spectrum of the lamp has a primary energy at 254 nm. This is a higher energy than the 388 nm 

wavelength of light necessary to cause photocatalysis in titanium oxide1,2.  

 

 
Figure 2.1: Analytik Jenaôs UVP Pen-Ray Lamps 90-0012-01 M 

 

The UV pen ray lamp was then placed over the samples (~ 1.5 cm 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 water could be 

added to the sample (~12-14 mL) and the UV lamp 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 non-continuous numbering system, but the important samples 

are noted. The table describes the weight amount of precursor powder used for each sample. 

Calculating the percent Ti in the precursor stage for each sample is shown by Equation 2.1 

below. ὓ  and ὓ  describe the molar mass of each compound and ά  and ά  are 

the mass (g) of each powder. Run 3 was the most important because it was the first successful 
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refinement of this experimental method. Run 8 was significant for the XRD data generated 

characterizing it.  
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Eq. 2.1 

 

Table 2.1: Summary of Important Samples Synthesis History 

 Al2O3 (g) TiO2 (g) % 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 sample conditions 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 similar amounts of alumina and 

titania added. Similar to Table 2.1 the weight amount of the precursor powders is listed 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 and without the presence of both water and UV light. This 

experiment best illustrates the effect of hydrogen on the samples by comparing sample 11D to 11 

A, B and C. 
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Table 2.2: Samples 11 A-D Precursor Measurements 

 Run 11A Run 11B Run 11C Run 11D 

Al2O3 (g) 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 of Samples 11 A-D 

 With UV lamps (72 hrs.) Without UV lamps 

With H2O  (~36-42 mL) Run 11D Run 11B 

Without H2O Run 11C Run 11A 

 

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

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

(IPA), placing the particles in a suspension, which allowed for the samples to be kept safely for 

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

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

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

glass slides, silicon wafers, and TEM grids and then left to dry. Once the IPA had evaporated 

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

different instruments.  
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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 the resolution power of the human eye3. For details which are smaller than this some sort of 

magnification tool is required to overcome the limitations of human eyesight. Optical 

microscopy utilizes light travelling through magnifying lens observe details that cannot be seen 

by the naked eye. Optical microscopy is an important first step in sample analysis, because it can 

provide a quick check of the quality of the sample. Optical microscopy can give hints about the 

crystalline nature of samples. Optical microscopy can also be used to measure color changes in 

materials. Semiconducting materials will change color with a change in the band gap4. This often 

occurs with doping of the material. The optical microscope utilized was a Zeiss Axio 

Imager.A1m 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 about a materials crystal structure. When an x-ray probes the atoms of a 

solid material, the x-rays can be scattered by the electrons of the atoms5. The scattered waves can 

then have either constructive or destructive wave interference. The constructive interference 

occurs due to the materials repeating atomic structure5. The constructive interference occurs 

when Braggôs law is satisfied, which can be seen in Equation 2.26: 

 ὲ‗ ςὨίὭὲ—  Eq. 2.2 

Where n is an integer, ‗ is the wavelength of the x-ray, d is the interplanar spacing, and — is the 

diffraction angle. By scanning through a range of 2— angles, all possible diffraction direction of 

the lattice should be determined. The resulting diffraction pattern should contain information of 



   

24 

 

the atomic arrangement in the crystal. The XRD instrument used was a Rigaku SmartLab X-Ray 

Diffractometer in a Bragg-Brentano mode, with measurements made by Dr Ching-Chang Chung. 

 

2.4 Scanning Electron Microscopy 

The first Scanning Electron Microscope (SEM) was constructed by von Ardenne in 1938, 

by rastering a TEM electron beam over the surface of a sample7. In 1942 Zworkin was the first to 

use a SEM to examine the surface of a bulk specimen using a SEM8. Significant development of 

the SEM was conducted by Oatley and McMullan, reaching a resolution of 50nm in 19529. 

Numerous improvements to SEM have taken place since then with resolution improving to 

~0.5nm today10. Electron microscopes have a higher resolution than optical microscopes. Optical 

microscopes are limited by diffraction properties but because electrons have shorter wavelengths 

than photon, electron microscopes can have much better resolution and see much smaller 

details3.  

Scanning electron microscopy (SEM) utilizes a focused beam of high energy electrons to 

probe the surface of a material. The electron gun accelerates electrons to energies up to 30 keV11. 

Electrons travel down the column passing through the electromagnetic lenses which focus the 

beam on the surface of the material. The focused electron beam scans over a specific area on the 

surface of the material in a raster pattern3. When the electrons hit the material, they can then 

interact with the it in several ways. Once the electrons reach the surface, they lose energy and 

random scattering and adsorption events occur within a tear drop shaped volume of the material, 

which is known as the interaction volume3,11. The size of the interaction volume can depend 

upon factors such as the electrons energy, atomic number of the specimen and the density of the 

specimen12. Figure 2.2 illustrates the interaction volume and the various signals that can be 
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produced by an electron beam. The signals that were used to characterize samples were the 

secondary electrons (SE), characteristic x-ray (EDX), and cathodoluminescence (CL). The 

characteristic x-rays can be measured using two different systems. These systems are known as 

energy dispersive spectroscopy (EDS) or wavelength dispersive spectroscopy (WDS)13. The 

difference is the way the signals are measured. EDS systems were used to measure these 

samples. The SEM instruments that were used was a JEOL 6010LA SEM and a JEOL JSM-

7600F SEM complete with CL detector: Horiba H-CLUE. 

 

 
Figure 2.2: The Interaction Volume created by an Electron Beam14 
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Both SEMs were used to generate SE images of the samples. Secondary electrons are 

generated by inelastic scattering interactions. Incident electrons transfers a substantial amount of 

energy to the atoms of the material15. This leads to an excitation of the specimenôs electrons 

which leads to the generation of what is known as secondary electrons15. SE provides a 

topographical image of the 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 used to generate an 

elemental analysis of a sample. Incident electrons excite electrons in the inner shell. The excited 

electron is then ejected and leaves a hole16. An electron at a higher energy level will then drop 

into the lower energy level and will emit a characteristic x-ray, with the energy being the 

difference in the two energy levels17. The characteristic x-rays can then be used to determine the 

elements which are present in the material, as each element will emit x-rays of different energies. 

The EDS measurements were performed on the JEOL 6010LA SEM. The accelerating voltage 

for each measurement was 20 kV. 

 

2.4.2 Cathodoluminescence 

Cathodoluminescence (CL) is capable of characterizing defects and impurities which are 

present in a material system18. When a crystal is bombarded by electrons that a have a 

sufficiently high energy, electrons in the low energy valence band will be excited to the higher 

energy conduction band19. This leads to the creation of electron-hole pairs20. 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 traps19. An intrinsic trap is caused by structural defects and an extrinsic tap 

can be caused by impurities21. When the electron vacates the trap, after a few microseconds, it 

will emit energy in the form of photons causing luminescence19,21. Cathodoluminescence 

measures the wavelength of the emitted photons. This work was conducted on the JEOL JSM-

7600F SEM complete with CL detector: Horiba H-CLUE by Dr. Chuanzhen Elaine Zhou. 

 

2.5 Transmission Electron Microscope / Scanning Transmission Electron Microscope 

Transmission Electron Microscope (TEM) is a similar principle in 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 ~100 nm thick. SEM resolution limited to ~0.5 nm while 

TEM resolution have reached 50 pm22. While SEMôs generally do not exceed 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 condenser lens23. TEM are not limited by the 

wavelength of the electron in the way that optical microscopes are limited, but by aberrations to 

the lens22. 

A different technique that the instrument is capable of is known as Scanning 

Transmission Electron Microscopy (STEM). STEM combines the principles of TEM and SEM24. 

The STEM technique scan a very focused beam of electrons in a rater pattern across the sample 

similar to SEM but with improve resolution25. STEM detectors are still placed after the sample 

and detect transmitted electrons24. Imaging detectors include Bright-Field (BF), Dark-Field (DF) 

and High Angle Annular Dark Field (HAADF). STEM technique is suited for EDS mapping. 

The instrument used was a Talos 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 travel through the specimen and are either scattered or can remain 

unaffected22. The result is a nonuniform distribution of electrons which exit the far side of the 

sample22. By analyzing coherent elastic scattered electrons, a diffraction pattern is formed22. 

Sliding apertures into place to choose an area of interest, can result in a Selected Area Electron 

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 

a SuperX Energy Dispersive Spectrometry (SuperX EDS) system with the four Silicon Drift 

Detectors (SDD) that offers maximum collection efficiency with a solid angle of 0.9 srad, while 

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

 

2.6 Time Of Flight Secondary Ion Mass Spectrometry 

Time Of Flight Secondary Ion Mass Spectrometry (TOF-SIMS) is a surface sensitive 

analytical technique which uses a pulsed ion beam to remove the top molecules on the outermost 

surface of a sample26. The removed particles or secondary ions are analyzed by mass by 

measuring the time it takes for the ions to fly from the sample to the detector27. TOF-SIMS is 

capable of surface spectroscopy and 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 ions28. TOF-SIMS 

analyses were performed using an ION-TOF TOF-SIMS V instrument with cesium source for 

sputtering and bismuth liquid metal ion gun (LMIG) source. For the depth profiles, a Cs+ beam 
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with 10 keV energy and 25 nA current was rastered over a 120 x 120 µm area. The Bi3+ beam 

was 0.4 pA at 25 keV and rastered over a 50 x 50 µm area at the center of the sputtered crater in 

non-interlaced sputtering mode. For surface images, similar Bi3+ conditions were utilized. The 

angle of incidence was 45° from normal for both beams. These measurements were performed 

by Andrew Klump. 
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Chapter 3: Results and Discussion 

           The objective of this study was to determine if the presence of hydrogen in close 

proximity of the alumina and anatase powders could mediate diffusion of titanium ions into the 

alumina lattice. To test the Rigby-Cuomo theory a number of measurements were performed on 

samples of mixtures of TiO2 and Al 2O3 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 crystals. Measurements include XRD, SEM with EDS and CL, TEM/STEM with 

EDS, and TOF-SIMS. 

 

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 

pattern for each material was made of the starting materials for comparison to the final sample 

after processing. This can allow for changes in the crystal structure to be seen. The precursor 

Al 2O3 and TiO2 powders XRD patterns can be seen below in Figure 3.1. The top diffraction 

pattern for Al 2O3 indicates an Ŭ-Al 2O3 phase present1,2. The bottom diffraction pattern matches 

the XRD signature for anatase3,4. 
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Figure 3.1: XRD data of the precursors Al 2O3 shown in red and TiO2 shown in blue 

 

           Figure 3.2 shown below compares the diffraction pattern of the precursor materials to 

Sample 8 (see Table 2.2). The green pattern which has been overlaid with the TiO2 and Al 2O3 

patterns. From this, it can be seen that Sample 8 has many of the same characteristic peaks of the 

Ŭ-Al 2O3, with the red and green patterns have many of the same peakôs present. However, it can 

also be seen that some of the TiO2 still remains in the sample with Sample 8 exhibiting the TiO2 

peaks most clearly at ~55 degrees.  
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Figure 3.2: The TiO2 and Al 2O3 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 for Al 2O3 precursor material in red and Sample 8 in black 

 

           Figure 3.3 shows a direct comparison of the (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 peaks would normally shift to lower angles, because the incorporation of interstitial 

atoms usually causes a straining of the lattice5. A shift towards a higher angle usually represents 

a lattice relaxation5. A possible explanation for this observation could be due to inducing 

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 self-diffusion of the aluminum and oxygen atoms as well. This self-diffusion could be 
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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 angles. This process 

could be similar to the role of hydrogen annealing explored in Section 1.4. Hydrogen annealing 

can be used to smooth films and round corners. These self-diffusion processes could have been 

responsible for the lattice relaxation seen in Figure 3.3. It is important to note that hydrogen 

annealing takes 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 literature6. Aluminum titanate XRD pattern has many similarities with the 

XRD pattern of Sample 87, but 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 

possibility that must be considered is alloying has occurred illustrated in Equation 3.1. 

 ὃὰὕ ὝὭὕὃὰὝὭὕ Eq. 3.1 

The diffusion of ions that has thought to have occurred, may have taken place on a larger scale 

that previously thought. It is possible that because the relative percentages of aluminum oxide to 

titanium oxide the resulting material is an alloy rather than aluminum oxide that has been doped.  
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Figure 3.4: Comparison of Aluminum Titanate with Sample 8 (a) Aluminum Titanate pattern6 

(b) Sample 8 pattern 
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3.2 Optical Microscopy Data 

           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 glass slide and dried with 

relative ease. This technique can then be used to look at the crystalline nature 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 3.5 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 particle. This is very similar to 

the particle seen in Figure 3.6 a and b in particular. If these 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 from Sample 3 

 

           Another thing to note is the sizes of the particles. Figure 3.6d is quite 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 white particle that can been seen in the background. Yet the 

alteration does not seem to be uniform 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 are crystals that have had an alteration of the band gap. It is important to note that there 

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. Also, not every particle has turned blue, 

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

 

 

3.3 SEM Data 

           The scanning electron microscope is a powerful tool to investigate the morphology and 

size of particles, using secondary electron (SE) mode. And this can then be combined with an 

elemental analysis of the particle or cathodoluminescence emission. Energy Dispersive 

Spectroscopy (EDS) can provide elemental mapping of an area of interest, which can show the 

distribution of titanium throughout an aluminum oxide crystal, which would be expected if there 

has been titanium diffusion into the lattice. EDS can then be used to provide rough calculations 

of the molar percentages of different elements within areas of interest. This can be used to 

determine if the amount of titanium within a aluminum oxide crystal is within expectations. 

Cathodoluminescence (CL) is a phenomenon where electrons impacting a luminescent material 

can cause the emission of photons. Electrons are excited to the conduction band and then 

recombine with a hole in the valence band, with the difference in energy emitted as a photon. 

Measuring the energy of the emitted photons can provide information about trace elements and 

defects present in the material. 
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Figure 3.8: Crystal picked up on carbon tape from Sample 3 (a) Bright Field image viewed in 

Optical Microscope (b) Secondary Electron image of the same crystal 

 

 

 

  

  
Figure 3.9: EDS data from Sample 3 (a) Aluminum map (b) Oxygen Map (c) Titanium map 

(d) Titanium map overlaid with SE image 
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Table 3.1: EDS Quantification from Figure 3.9 of Sample 3 

Chemical Formula Mole % 

O 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, see Table 2.1. The bright-field image shows the brilliant blue color of 

the crystal. Figure 3.8b shows the topography of the crystal 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 outlines of the crystal shape. Figure 3.9c shows the titanium distribution 

throughout the crystal, and it has a relatively 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 electron image of the crystal, and it would suggest a very even distribution of 

titanium throughout the crystal. Table 3.1 shows the molar percentages of each element in the 

crystal, once the carbon tape background has been subtracted out. With roughly a 2.55 % molar 

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%. These values are very similar, definitely with in an 

expected margin of error. Figure 3.10 contains the EDS maps from another crystal found in 

Sample 3. Interestingly Table 3.2 which contains the quantification of the EDS data for Figure 

3.10, calculates the percentage of titanium to be 3.06% for the crystal in Figure 3.10d. This value 

is not only higher than Figure 3.9, but also higher than the percentage of titanium as a whole 

within the powder mixture. However, the quantification for EDS is not always reliable. EDS 

quantification is only useful for determining if the percentages are within the margin of error. 

Therefor this data can only be used to say that both crystals have titanium concentrations which 
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are very close to the percentage of titanium that went into the sample synthesis. But this 

important because it would be expected that any titanium presence would be agglomerates, but 

both EDS maps show well dispersed concentrations which were then quantified to be within an 

expected molar percentage. 

  

  
Figure 3.10: EDS data from Sample 3 (a) Aluminum map (b) Oxygen Map (c) Titanium map 

(d) SE image of particle of interest 

 

 

Table 3.2: EDS Quantification from Figure 3.10 of Sample 3 

Chemical Formula Mole % 

O 56.89 

Al  40.05 

Ti 3.06 
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3.3.1 Sample 11 SEM Data 

The SEM data for Samples 11 A-D show 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 very similar amounts of identical 

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 water and UV light.  

 
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 Figure 3.12, with the 

titanium map very sparse. Only a few signature titanium x-rays were detected from 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. This suggests that the aluminum 

oxide crystal does not have a significant amount of titanium present. Given that 11Aôs treatment 

was NO water and NO UV light this is to be expected. It would suggest that this sample did not 

have titanium diffusion into the lattice unlike previous samples.  

 

  

  

Figure 3.12: EDS maps for Sample 11A (a) Aluminum 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 

Chemical Formula Mole% 

O 56.79 

Al 43.21 

Ti Not detectable 
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Figure 3.13: SE image of a crystalline system from Sample 11B 

 

11Bôs Sample apparatus had been filled with water but was NOT exposed to UV light, 

and so the water merely evaporated. This would mean that the sample was exposed to minimal 

hydrogen at best, similar to 11A. Figure 3.13 shows 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 Al and O maps very dense, and the Ti map showing 

very little signal. Table 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 either not occurred or happened in very low levels. This is similar to the EDS data for 

Sample 11A.  
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Figure 3.14: EDS maps for Sample 11B (a) Aluminum map (b) Oxygen Map (c) Titanium map 

(d) SE image for area of interest 

 

 

 

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

Chemical Formula Mole % 

O 56.42 

Al  43.28 

Ti 0.3 
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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 UV lamps. Therefore, any hydrogen present would have had to come from 

moisture in the air, which could occur in low quantities, it is unlikely to have been a significant 

amount. The EDS data for 11C can be viewed in Figure 3.16. The large agglomeration crystal in 

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 looking at Table 3.5, which expresses the quantification 

of the EDS signal from region 001 highlighted in Figure 3.16d. The titanium signal was not 

detectable, indicating that any titanium that may have been present was in too low a 

concentration to be quantified. What is interesting to note is the smaller crystal next to the larger 

seems to be a TiO2 particle. The Ti 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 not enough to get 

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

 

  

  

Figure 3.16: EDS maps for Sample 11C (a) Aluminum map (b) Oxygen Map (c) Titanium map 

(d) SE image for particle of interest, with Regions 1 and 2 labeled 

 

 

 

 

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

Chemical Formula Mole % Region 1 Mole % Region 2 

O 53.78 72.38 

Al  46.22 7.00 

Ti Not Detectable 20.63 
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Figure 3.17: SE image of a particle from Sample 11D 

 

Sample 11D was the only sample out of the four to be exposed to the presence of water 

and be placed under a UV lamp, which is a method to generate hydrogen. Figure 3.17 is a SEM 

image of two crystals from Sample 11D, the morphology of the two crystal in Figure 3.17 appear 

to be different. Figure 3.18 contains the EDS maps for the crystals found in Figure 3.17. Figure 

3.18d indicates the location from where two different quantifications of the EDS spectrum were 

acquired. Figure 3.18c shows the titanium distributions throughout the crystal, and while it is not 

evenly distributed, there is clearly a higher signal of titanium throughout the predominantly 

aluminum oxide crystal than in any of the titanium maps in Figure 3.12c, 3.14c, and 3.16c. Table 

3.6 has the calculated molar percentages from region 001 and 002 as seen in Figure 3.18d. 

Region 001 indicates that the large crystal is an sapphire crystal, with ~4% titanium present. 
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Compared to the theoretical percent titanium in the sample, found in Table 2.2 of 3.06%, this is 

within a reasonable margin of error. Region 002 is interesting because both Figure 3.18 and 

Table 3.6 indicate that the smaller crystal has a much higher percentage of titanium present than 

aluminum. This crystal could have been a titanium dioxide crystal that then had aluminum ions 

diffuse into it. 

  

  
Figure 3.18: EDS maps for Sample 11D (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 % Region 002 

O 57.54 61.94 

Al  38.35 10.6 

Ti 4.11 27.46 
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Overall, when comparing Samples 11 A-D, it seems clear that Sample 11D, which had 

the hydrogen generation, had a sapphire crystal with a significant concentration of titanium 

present. This would suggest that the presence of water coupled with UV light and the possibility 

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 generation of 

hydrogen from water. This process has occurred in close proximity to Sample 11D, 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 to play an important job. In 

comparison, Samples 11 A, B, and C did 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 aluminum. The only difference between these three 

samples and Sample 11D, is that these three samples did not have hydrogen generation occur in 

the experiment apparatus. 

 

3.3.2 Cathodoluminescence Data 

            Cathodoluminescence is used to learn about the electronic states present in the material. 

  
Figure 3.19: Particle from Sample 3 (a) SE image of the particle (b) CL signal from the 

particle 



   

55 

 

           Figure 3.19a shows a particle from Sample 3 in the cryo-SEM. 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 the sample seen on the left. This would indicate that 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 in the material8,9.  

 
Figure 3.20: CL spectra for particle in Figure 3.19 

 

           An F+-centers is an oxygen ion vacancy with one trapped electron10. This vacancy has 

four nearest neighbors Al3+ and twelve adjacent O2- ions11. F+-centers existence can be very 

dependent on the history of the crystal growth12. When titanium ions are doped into the lattice of  

Al 2O3 it leads to local environment distortions due to the radius difference of titanium and 

aluminum atoms13. Titanium ions also create charge mismatches as well due to the difference in 
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valence state13. This creates the necessity of the introduction of defect structures into the crystal 

to stabilize and compensates for the presence of the impurities13. The defects that have the lowest 

formation energy is the O2- ion vacancy14. So, it would not be expected that the emission present 

would be a type of oxygen vacancy. 

 Ὂ ὩὼὧὭὸὥὸὭέὲᴼ Ὂ ᶻO Ὂ Ὤ’σςπὲά Eq. 3.2 

 

 Ὂ ὩὼὧὭὸὥὸὭέὲᴼ Ὂ ᶻ Ὡ ᴼὊ Ὤ’σςπὲά Ὡ  Eq. 3.3 

 

 Ὂ Ὡ ᴼ Ὂ ᶻO Ὂ Ὤ’σςπὲά Eq. 3.4 

(The asterisk (*) denotes the excited state) 

 

           Equation 3.2 describes the behavior of F+-centers 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. F-centers have two trapped electrons in an oxygen vacancy, and an F2+-center is 

an oxygen vacancy with no trapped electrons12. Equations 3.3 and 3.4 describe the steps that 

under prolonged electron beam irradiation that F-centers and F2+-centers may take and lead to 

increase F+-centers emission12. 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 of F+ emissions.  

 

3.4 TEM/STEM Data 

           Transmission Electron Microscopy (TEM) is an extremely powerful tool that can be used 

to examine particles at the nanoscale. High Resolution TEM (HRTEM) can provide atomic 

resolution images of crystal, which can provide unparalleled capability of examining 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 measure lattice parameters. Scanning Transmission Electron 

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

mapping of the sample. Imaging modes include High-Angle Annular Dark Field (HAADF), 

Bright Field (BF), and Dark Field (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: TEM image of crystal from Sample 3 with inlaid SAED pattern in top left corner 

 

  

           Figureôs 3.21 and 3.22 are TEM images of particles from Sample 3 and 11D. The two 

particles provide interesting contrast of the type of particles that this experiment can produce. 

The SAED pattern in the top left corner of Figure 3.21 indicates the particle is single crystal. The 

diffraction pattern was acquired for a region near the ñtopò of the particle. This is in contrast to 

the SAED pattern for Figure 3.22, showing the polycrystalline nature of that particle. The 
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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 particle in Figure 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 that the experiment 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 the size of the 

particles 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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Figure 3.22: TEM image of crystals from Sample 11D with image of SAED pattern in bottom 

right corner 
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Figure 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 these single crystals is shown below in Figure 3.24, where the width of the atoms 

can be measured to be 0.28 nm. When considering that the radius of an aluminum atom is 143 

pm15, or 0.143 nm then it stands to reason that the distance measured is the width of an 

aluminum atom. The atomic resolution imaging shows that despite the theorized migration of 
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atoms the structure of the material remains coherent, with this crystal indicating no major 

dislocations, vacancies, or other defects. 

 

 
Figure 3.24: HRTEM Sample 11D 
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Figure 3.25: STEM images of Sample 3 (a) High-Angle Annular Dark Field (b) Bright Field 

 

           Figure 3.25, seen above, is an image of a multi-crystalline 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 experiments can seem to be a 

single crystal (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 particle is mostly composed of aluminum 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, which is illustrated by Figure 3.26c. 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 0.35%. This could be the result of a 

concentration 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 began to diffuse from the ñbottomò and traveled upward. 

But there was not a enough energy, driving force and/or time to ensure 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 higher concentration of titanium which could be substitutionally replace 

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 were pure Al 2O3, 

stoichiometrically it would be expected 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 Sample 3 (a) Oxygen map (b) Aluminum Map (c) Titanium 

map (d) Overlay of Ti and Al maps, with Regions 1 and 2 labeled   
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Figure 3.27: STEM images for Sample 11D (a) HAADF (b) DF2 (c) BF) (d) HAADF of 

region for EDS seen in Figure 3.28 

 

           Figure 3.27 shown above shows a larger particle than seen in Figure 3.25, which does 

have the result of certain bulk features being less visible. Elemental analysis of the particle is 

shown below in Figure 3.28. What is interesting is some of the morphology features lost in 

Figure 3.27, seem apparent in Figure 3.28b the oxygen map, 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 concentration. 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 region with a high titanium concentration at 

approximately 8%. Conversely region 2 of the particle is a much larger area and the titanium 

concentration fall to approximately 4%. When comparing this to the expected amount of titanium 

from Table 2.2 of 3% this is within an expected margin of error. What this illustrates then is that 

the method of diffusion does not create uniform concentration throughout the crystal but can 

create localized regions of higher concentrations of titanium. 

 

 

  

  
Figure 3.28: EDS data Sample 11D (a) Aluminum map (b) Oxygen Map (c) Titanium map (d) 

Overlay of Ti and Al maps, with Regions 1 and 2 labeled   
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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 fraction Region 2 

O 41.70 41.82 

Al  50.37 53.94 

Ti 7.93 4.24 

 

 

 

 

  

 

 

Figure 3.29: STEM images for Sample 11D (a) HAADF (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 Figure 3.27. This 

particle has two obvious regions of different thicknesses. The elemental analysis of Figure 3.29d 

is shown 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 Figure 3.28. While the titanium map in Figure 

3.30c shows higher signal in region compared to region 2, the approximate quantifications for 

the two regions is with 2-3%. This could be due to the factor of the thickness difference seen 

within the particle. Of course, EDS cannot provide any depth analysis of the sample, but merely 

count the characteristic x-ray signals of each element.  

 

  

  
Figure 3.30: EDS data Sample 11D (a) Aluminum map (b) Oxygen Map (c) Titanium map (d) 

Overlay of Ti and Al maps, with Regions 1 and 2 labeled   
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Table 3.9: EDS Quantification from Figure 3.30 Region 1 and Region 2 of Sample 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, 3.8, and 3.9 show that each of the three tables has at least one 

region where the EDS quantification has calculated a lower oxygen percentage than aluminum 

content. It is definitely unexpected as both aluminum oxide and titanium oxide stoichiometrically 

have higher oxygen contents than aluminum or titanium, respectively. When viewed in parallel 

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 EDS data there seems to be an 

oxygen deficiency in the material. One possible explanation of this phenomenon could be that 

when the photocatalytic water splitting process could be siphoning oxygen out of the sample. 

The breakdown of water can produce H2 gas. Removal of lattice oxygen can be achieved by 

many different reducing agents and a common one is hydrogen16.  

 ὓὕ Ὄ Ὣ ᴼὓὕ ὌὕὫ Eq. 3.5 

           The reaction between a generic metal oxide (MOn) and hydrogen to form a lower oxide 

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

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

 

3.5 TOF SIMS Data 

           TOF-SIMS is a highly sensitive surface analytical technique, that is adept at both 

elemental surface analysis and depth profiling measurements. The elemental mapping mode is 

capable of identifying all atomic and molecular species on the surface. It is highly sensitive 

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 eroding the surface of the material any change in 

composition can be recorded. Knowing whether the titanium distribution is merely at the surface 

or beyond the first few nanometers can give a better idea of the extent of diffusion that has 

occurred.  

  

  

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 TOF-SIMS data in Figure 3.31 and Figure 3.32 shows the distribution of Al, H, and 

Ti throughout the regions of interest. It is clearly seen that the Al concentration in both Figure 

3.31 and 3.32 clearly mirror the total signal, which indicates the material is mostly aluminum 

based, which would be expected. This is more clearly seen in Figure 3.31, where the changes in 

topography are more clearly seen in both the total signal and the Al signal. The H and Ti 

distribution in both Figure 3.31 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 would have occurred 

given the experimental conditions. The Ti distribution in the areas of interest seem very similar 

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) H+ 

signal (d) Ti+ signal 

 

 


