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ABSTRACT 

There is good reason to believe the performance of semiconductor metal oxides for catalytic 

applications may be improved through the application of principles related to defect engineering.  

Specifically, TiO2 has already demonstrated promise as a catalytic material for environmental remediation 

by photocatalysis in aqueous media as well as water splitting for hydrogen fuel production by 

photo/electrocatalysis.  There remain a number of major hurdles preventing widespread implementation 

of such technologies related to the material’s optoelectronic properties. 

Previous applications of defect engineering to these hurdles have yielded a variety of point 

dopants which narrow the band gap to include portions of the visible spectrum, but carrier lifetime is 

reduced as the same dopants act as recombination centers.  Dopant free defect engineering has 

demonstrated that the amorphous synthesis route has a direct result on the native carrier concentration of a 

polycrystalline finished production through the manipulation of medium range order; this control has 

enabled an improved drift current to drive minority carriers to the free surface, but has fallen short of its 

goal.  Heterostructuring has produced some innovative material combinations that place band edges of 

complimentary materials close to redox potentials of desired reactions, but there are many limitations 

including difficulties with material selection, interfacial charge transfer, cost, and stability. 

This thesis endeavors to introduce and advance three distinct efforts within the spectrum of 

applicable defect engineering techniques.  In dopant free material, the relationship between annealing 

temperature and final material properties of polycrystalline anatase TiO2 was explored.  The soak 

temperature had a strong effect on crystallite size with a variation of about a factor of 2 with the larger 

ones being of a length scale comprising the majority of film thickness.  However, there was no 

corresponding changes in density or carrier concentration.  This demonstrated that measurements of 

crystallite size may not be used as a direct estimate of grain sizes.  As grain size (viewed by film density) 

did not alter, there was no benefit with regard to carrier concentration through the removal of free surface 

area within the material. 
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Attempts at reducing fully oxidized material by annealing in a hydrogen atmosphere 

produced thermally grown Magnéli phases without affecting the bulk crystallinity.  These phases appear 

to have grown along grain boundaries through the removal of oxygen in the form of water.  Because these 

phases form a separate contact with the substrate and top contacts, their effect of film carrier 

concentration is not perceivable until the filaments are fully formed, after which any further changes to 

the bulk material are obscured.  Reversibility by thermal methods did not have good success possibly due 

to limitations to the diffusivity of molecular oxygen. 

Lastly, a new heterostructure design was explored to better understand the dominant 

mechanisms of minority carrier transport.  In this system, SrRuO3, a strongly correlated metallic oxide is 

used as a visible light absorber.  Both electrons and holes must transverse a rectifying interfacial barrier 

before crossing a TiO2 layer to a catalytic free surface.  Minority holes avoid the need to tunnel or be 

excited beyond the TiO2 band edges via an interfacial surface defect.  From the interface, their transport 

to the free surface is governed largely by diffusion as evidenced by a linear dependence of activity on 

TiO2 thickness and a weak band bending at the interface indicating little to no built in electric field.  The 

performance of the material in an amorphous state was comparable to an epitaxially grown counterpart 

suggesting a robust system amenable to further development in lower cost systems.  Performance was a 

bit under an order of magnitude below polycrystalline thin film TiO2 catalysts.  
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CHAPTER 1 
 

INTRODUCTION 

1.1 Motivation & Defect Engineering  

Among the many challenges facing the large scale adoption of technologies that support 

sustainable living is the high cost associated with adoption.  This cost may come from a number of 

sources including material, fabrication, transportation, installation and maintenance.  Encouragingly, 

some metal oxides such as TiO2 offer promise as a viable material for many sustainable energy 

technologies when high earth abundance leads to low material cost.  However, the design and fabrication 

of efficient catalytic materials from TiO2 requires a better understanding and manipulations of the 

performance of these materials at an atomic scale necessitating the use of defect engineering.  

Defect engineering refers to the effort to manipulate the concentrations, spatial distributions, 

and types of atomic-scale defects in a material.  Defect engineering formed the basis for the birth of 

microprocessors as it was discovered that many transistors could be fabricated on a chip with a density 

many orders over that of a tube transistor device.  The term ‘defect’ in a crystalline material can 

encompass a huge variety of types ranging from point defects in a crystal lattice caused by the removal, 

translation, or addition of either a native or foreign atoms to clusters of defects as shown in Figure 11. 

 
Figure 1:  Examples of interstitial (a), vacancy (b), substitutional point defects (c)  

and defect clusters (d). 

The foundation for defect engineering was that the conductivity, resistivity, capacitance, and other 

electronic properties of crystalline materials could be precisely tuned by controlling the type and/or 
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concentration of both native and non-native defects in the material.  Defect engineering is often an 

important component of a related practice called “band engineering” that refers to the manipulation of the 

electronic band structure of a semiconductor, especially the energies of the valence and conduction bands.  

While the fields are distinct, electronic band structure is heavily influenced by the presence of defects, 

and often changes to band structure will be the primary physical manifestation of an intentionally 

manipulated defect.  For the purposes of this thesis, we will generalize defect engineering to include both 

defect and band engineering, but the similarity should be noted when reviewing the literature on either 

subject. 

In the case of integrated circuits, the primary crystalline material used was Silicon.  The 

invention of the Czochralski process to produce low cost, highly single crystalline, high purity silicon 

wafers led the majority of defect engineering efforts to focus on the introduction of foreign atoms 

(dopants) both during growth and later via high energy ion implantation.  Current defect engineering 

efforts in silicon on the side of single crystal purity work includes annealing procedures to remove low 

level carbon-oxygen complexes2.  Advanced ion implantation research includes a crystalline-to-

amorphous transformation to lower the energy required for ion implantation3, as well as efforts to apply 

ion implantation techniques to new silicon structure such as nanowires4. 

The expansion of defect engineering to new silicon structures has paralleled development of 

other defect engineering techniques as well as entry of defect engineering to new materials.  Techniques 

have expanded to include not only the addition of ex-situ dopants, but in situ doping, other growth 

controls, annealing controls including atmospheric composition.  In addition to single crystals, defect 

engineering is also studied in bulk forms of multicrystalline, polycrystalline and amorphous materials. As 

length scales decrease in electronic devices and nanostructuring becomes popular in catalytic materials, 

defect engineering is increasingly important to the understanding of interfaces between materials. 

The effort to apply defect engineering to electronic materials beyond single crystal Silicon 

has been successful in many materials systems.  Defect engineering and spectroscopy efforts have also 
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been made in two dimensional materials such as graphene5 and hexagonal boron nitride6,7.  Manipulation 

of nitrogen vacancies in diamond has led to opportunities in quantum computing8,9.  Attempts have so far 

been made to dope GaAs and ZnO nanowires with both transition and rare earth metals, for use in 

spintronic and luminescence devices4.  Ion implantation for improved luminescence properties has been 

similarly sought in other materials used in light emitting diodes (LEDs) such as GaN10.  Defect 

engineered HfO2 has been under investigation as a possible magnetic semiconductor for use in memory 

devices; the switching speeds of memory units are closely correlated to concentrations of oxygen 

vacancies11. 

1.2 Titanium Dioxide 

The material of choice for our defect engineering investigations in Titanium Dioxide (TiO2).  

There is a constantly growing body of literature surrounding TiO2 since the discovery of its photocatalytic 

properties12.  It is under investigation for use throughout materials research as a photocatalyst, other areas 

of heterogeneous catalysis, as well as a catalyst support.  It is stable in a number of typical operating 

environments being highly insoluble.  It is inexpensive to obtain, and benign to both humans and the 

environment.  Lastly, it is amenable to a wide variety of synthesis techniques for both the production of 

thin films and nanoparticles. 

Despite the immense interest and investment in the development of TiO2 as a catalyst, a 

great deal remains to be investigated.  In its native anatase form, it is highly n-type with an electrically 

active carrier concentration of about 1*1017 charges/cm3.  It also exhibits several polymorphs or varying 

catalytic activity with the more active being the kinetically favorable but thermodynamically unstable 

anatase phase.  When exposed to temperature above about 700 °F, the more thermodynamically favorable 

rutile phase begins to form in this films13. 

Defect engineering has been accomplished to a degree in anatase TiO2.  A variety of 

substitutional defects have been successfully incorporated by various groups with varying success in 



4 

 

altering reaction rates in test systems14.  Substrate choice has been shown to affect catalytic activity15.  

Dye sensitization has been accomplished but without producing the desired degree of improvement16,17.  

Other reports demonstrate the varying of morphological properties with variations in synthesis and 

processing which are similarly correlated to changes in reaction rate18,19,20,21,22.  

We hypothesize that TiO2 can become a more viable photocatalytic material with principles 

of defect engineering applied to its growth and processing.  Precise control of carrier concentration may 

allow the TiO2 to be tuned to individual reactions or processes.  In certain photocatalytic systems, 

lowering carrier concentration increases carrier lifetime which is key to improved quantum yield14.  The 

combination of TiO2 and a strong light absorbing material has been shown to produce improved 

photocatalytic activity as a heterojunction photocatalyst23.  The treatment of TiO2 nanoparticles with 

hydrogen has also been demonstrated to improve photocatalytic activity via increased light absorption by 

thermal24 and plasma treatment25. 

1.3 Defect Engineering of TiO2 

The application of defect engineering to catalytic materials, such as TiO2, has received 

comparatively less attention to electronic materials, such as silicon. The expansion of nanotechnology has 

driven researchers to focus on improving surface area to weight or volume ratios while minimizing the 

loading of precious metals on supports.  Many of these supporting materials are metal oxides due to the 

need to remain stable under intense heat.  Additionally, some transition metal oxides have also found uses 

in gas phase reactions due to their unique acid-base properties, though the connection between charge 

carrier concentrations and acid-base charge balance is often overlooked despite being established for 

several different semiconductors26,27.  More recently defect engineering of V2O5 demonstrated a link 

between the ability to tune the fermi level28 and surface potential29 of the material, its acid-base 

properties, and its thermal catalytic performance. 
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Defect engineering in TiO2 is difficult because of special challenges in carrier concentration 

metrology30, the dearth of dopants having shallow donor or acceptor levels31, the effects of poorly-

controlled concentrations of native point defects serving as donors or acceptors32,33 and the dominant 

effects of charged defects at grain boundaries31. The need for defect engineering to resolve these issues is 

becoming increasingly recognized34,35 although the primary efforts for TiO2 (for photocatalysts36,37 and 

memristors38) focused on doping for many years.   

To avoid the problems inherent to metal oxide doping, this laboratory and others have 

developed dopant free defect engineering techniques including the discovery that film thickness31, 39 can 

control defects that influence carrier concentration propagating into improved rates of photocatalysis40 

and supported metal catalysis41.  This technique relied on the removal of grain boundary space usable for 

charge accumulation thus restricting its use to polycrystalline materials.  Treatment of thin films with a 

remote oxygen plasmas has been shown to affect surface potential with similar success in photocatalysis 

improvement42.  Other examples of surface modification of TiO2 achieved without dopants includes the 

use of templating to control surface site coordination43, and ex situ treatment with TiCl4 gas to alter 

surface crystallinity44. The ability to perform defect engineering on TiO2 via surface modification is 

promising due to its applicability to both thin film characterization systems as well as nanoparticles or 

other high surface area structured arrays. 

Another method that TiO2 has been improved without the use of dopants is through 

heterostructuring45.  This can mean several different things depending on the issue being addressed.  For 

example, TiO2 surfaces have been decorated with coupled co-catalysts such as Pt or MoS2 that improve 

electron hole separation46.  This introduces issues of cost and stability while failing to solve the issues 

inherent to TiO2 being a wide band gap semiconductor that does not absorb visible light45.  Similar to 

dopants, dye-sensitization allows for the possibility of improved light absorption while also raising the 

possibility of better aligning band edges to the redox potentials of reactants47, or to electrode potentials in 



6 

 

photovoltaics48.  However, inherent issues of charge carrier motilities and lifetimes, along with persistent 

issues with sensitizer stability and regeneration has minimized the impact of this strategy45.   

A more aggressive approach is the formation of a mixed composite comprised of TiO2 and a 

second material that may address multiple challenges to TiO2 performance.  An elegant example of this 

may be found in composite nanoparticles of LaVO4/TiO2.  Here, the LaVO2 acts as a light absorbing 

layer, co-catalyst, and provides improves band edge alignment for the degradation of benzene49.  Stability 

concerns are minimized relative to the leaching of an organic dye or the clustering of precious metals on 

the TiO2 surface.  Further development of charge transfer style heterostructured photocatalysis will 

require better understanding and attention to the contact between the two distinct materials including the 

formation of rectifying junctions and interfacial defects. 

1.4  Correlated Metallic-Oxides and SrRuO3  

The advancement of metal oxide research has led to a significant growth in the investigation 

of more complex metal oxides, typically involving 3-4 different atomic species before consideration of 

dopants.  The perovskite crystal structure (ABX3 with ‘X’ typically being oxygen) has been of particular 

interest to many researchers due to the cubic symmetry of both the A and B atoms.  Relative ion sizes for 

this crystal structure are quite stringent.  As a result, any distortion due to doping may lead to significant 

changes in physical properties.  This sensitivity to dopants, or other sources of lattice irregularity such as 

epitaxial mismatch, raises significant possibilities for defect engineering research. 

Synthesis of these perovskite crystal structures can be difficult to achieve without high 

performance synthesis techniques such as Pulsed Laser Deposition (PLD) and Molecular Beam Epitaxy 

(MBE).  There is also a very limited number of substrates that can meet the tight matching requirements 

for epitaxial growth of perovskite thin films.  The most popular substrate for research on perovskite thin 

film device is SrTiO3 (STO).  An insulator intrinsically, STO can be made a conductor with Nb doping at 

less than 1% atomic concentration while retaining its crystallinity.  STO single crystals are manufactured 



7 

 

commercially, but in wafers much smaller than silicon wafers currently achieve.  One bright spot for high 

throughput processing of perovskite materials is the discovery that STO will grow epitaxially on single 

crystal silicon (001) surfaces and can be used as a buffer layer for further epitaxial growth of other 

materials such as TiO2
50,51. 

Perovskite materials have found potential application in many areas of electronic materials 

research.  Notable examples include the use of Nd doped LaAlO3 to produce and narrow emission 

continues wave IR laser52.  BaTiO3 has demonstrated useful ferroelectric properties53.  PbTiO3 and 

LiNbO3 have been shown to act as a piezoelectric materials54,55.  For a review of catalytic use of 

perovskites, a recent review by Grabowska highlights the explosion in the identification of candidate 

materials56.  A more unusual application of perovskites has been the discovery of photovoltaic57 and 

photocatalytic58 properties when the ‘X’ element of the crystal structure is a methyl group rather than 

oxygen. 

Among the many perovskite materials of interest, SrRuO3 (SRO) requires extended 

discussion.  It is of particular interest because of its unique optical and conductivity properties as a 

“strongly correlated metal oxide”.  Despite being a metal oxide, it possesses carrier concentration and 

conductivity properties nearer to a metallic conductor.  Optically, it has a low reflectivity and absorbs 

strongly in the visible portion of the spectrum, with a band gap loosely akin to that of a semiconductor.  

Physically, the (010) facet of SRO is a close match for both the (001) cubic facet of STO substrates as 

well as the (004) facet of anatase TiO2.  This is of interest to the photocatalysis community as it created 

the possibility of improving the performance of TiO2 through the use of a high efficiency light absorbing 

layer of SRO underneath a thin catalytic capping layer of TiO2.  Early research showed promise 

surpassing activities of both commercial Degussa P25 TiO2 powders and N-doped TiO2 nanopowders23,59. 

A multitude of applications for the use of SRO have been investigated.  The material has 

demonstrated promise for use in all-oxide magnetic tunnel junctions60 and other spin-electronic devices61.  

As a model material, SRO interfaces with SrTiO3 and other perovskites has been used as a material 
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system for simulating62,63 and studying64 two-dimensional electron gases.  The ability of SRO to absorb 

heavily in the visible spectrum has made it a candidate material for heterojunction photocatalysis studies 

as well23.  For a complete review of the properties of SRO, along with other applications including 

electrode materials, see Reference [65]. 

The decision to incorporate SRO into the heterojunction device structure is motivated by the 

need for a model system with exceptional visible light absorption.  The high cost of ruthenium would 

make it a poor material choice for large scale photocatalysis applications, though this cost becomes less 

significant if this heterostructure were to be redeveloped at a later stage for electrocatalytic or 

photoelectrocatalytic purposes where activity is expected to be significantly greater.  A practical 

heterojunction photocatalysis device structure could easily make use of other correlated metallic oxides 

with similar properties. 

Despite its close epitaxial match with SrTiO3, well controlled synthesis of SrRuO3 has 

proven to be a difficult challenge in the past for several reasons.  The first is that several other stable 

crystalline materials of the same elements exist, namely Sr2RuO4 and Sr3RuO7, meaning that deposition 

rates of the metals and background oxygen content may all require independent control. Bulk single 

crystals of both Sr2RuO4 and Sr3RuO7 have been produced using the float zone method66, but the same 

study failed to produce SrRuO3.  Epitaxial thin films of SRO have been produced using RF magnetron 

sputtering at elevated temperature in an argon oxygen mixture67; the authors of this study did not say 

whether the sputtering was done from a single strontium-ruthenium oxide ceramic target or co-sputtered 

from independent Sr and Ru targets.  SRO epitaxial thin films have also been produced by PLD at 

elevated temperature in oxygen59. 

1.5  Key Questions 

This thesis contains a combination of three distinct efforts to apply principles of defect 

engineering to amorphous and anatase TiO2.  The key questions to be answered in each of these three 
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efforts are somewhat disparate and will be discussed at greater length in their respective chapters.  One 

feature that may be introduced is that insights gathered here represent similar placement with regards to a 

technology readiness level, specifically, all will be represented within the first three levels.  TiO2 has 

already demonstrated proof of concept level readiness for photocatalytic needs (level 4).  However, the 

development of new defect engineering tools for TiO2 require the discovery and understanding of newly 

discovered physical phenomena within the material. 

The first effort is an attempt to manipulate the transformation from amorphous to 

polycrystalline material via annealing temperature to minimize the native n-type carrier concentration.  

The second is the treatment of fully oxidized polycrystalline films by annealing in a low pressure 

atmosphere of hydrogen in attempt to passivate oxygen vacancies.  In both cases, the removal of 

negatively charged defects would allow better transport of holes to a free surface to catalyze a reaction.   

The third is the combination of TiO2 and SrRuO3 in a heterojunction device structure to take 

advantage of favorable optoelectronic properties of the later for photocatalysis.  This system offers a 

unique opportunity to raise a large number of interesting scientific questions about heterostructured 

materials.  These questions can be broken down into four categories, a) the effect of a capping layer on 

the electronic structure of the SRO bulk, b) the effect the TiO2-SRO interface on charge transfer, c) the 

effect of the SRO on charge transport in the TiO2, and d) whether the TiO2 free surface/liquid interface is 

affecting by any of the former.  We will focus primarily on questions ‘b’ and ‘c’ within the third effort. 
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CHAPTER 2 
 

EXPERIMENTAL METHODS 

2.1 Synthesis of TiO2  

TiO2 can be synthesized into thin films by a wide variety of methods.  The most popular 

within the Integrated Circuit (IC) industry is by some type of Chemical Vapor Deposition (CVD).  CVD 

allows for precise control over film deposition rates, temperatures, pressures, and doping concentrations if 

desired.  The result is spatially uniform films and good repeatability with regard to control of final film 

morphology, crystallinity, and electronic properties.  As a result, techniques adapted from the IC industry 

are most applicable to defect engineering efforts in thin films. 

2.1.1 Layer by Layer Deposition 

Atomic Layer Deposition (ALD) represents a sub-set of CVD techniques.  In both cases, a 

synthesis chamber is fed gas phase precursor(s) at controlled rates.  The chamber is operated in vacuum to 

prevent contamination or unintentional doping of the film.  The primary difference between CVD and 

ALD is that the former delivers multiple precursors simultaneously to the chamber with deposition time 

and sample temperature being the only controllable growth variable.  ALD by comparison, is a layer-by-

layer, self-limiting growth technique in which the precursors are fed to the chamber in individual 

alternating pulses with a purge between each pulse.  In true ALD, pulses and purges are timed such that 

the growth is a single atomic layer or less per pulse ensuring uniform film growth.  In the case of 

polycrystalline or epitaxial film growth, this helps to ensure a highly crystalline product.  When 

synthesizing amorphous films, the low growth rates are not inherently required for the process, and pulses 

can be increased to produce growth rates of several nm/cycle in a pseudo-ALD layer-by-layer technique.  



11 

 

Although the deposition rate of an amorphous film has a measureable effect on the morphological 

properties and carrier concentration of a final polycrystalline film68, we believe that a pseudo-ALD 

process will be sufficient for the films required in these studies.  We have no reason to expect a 

significant variation in the properties of the films in their amorphous phase with regard to optical and 

electrical conductivity which will be the most important properties when testing photocatalytic properties.  

Similarly, the final crystallinity of an epitaxially regrown film should not be dependent on the presence of 

sub-critical nuclei in the amorphous phase. 

The precursor of choice is titanium tetra-isopropoxide (TTIP), shown in Figure 2.  Though a 

liquid at room temperature, TTIP produces an appreciable vapor pressure according to Equation 1 when 

heated69, and can thus be delivered to the chamber via a carrier gas such as N2. 

( )[ ] [ ]K 3222/T-9.465  Torr Plog v =  
Equation 1: Vapor Pressure of TTIP 

Though it degrades slowly with time and exposure to light, it is stable in the absence of moisture.  It is 

unique among many metal organic precursors as it has multiple decomposition pathways depending on 

temperature and the choice of oxidizing agent as a 2nd precursor. 

 
Figure 2:  Structure of TTIP - Ti(OC3H7)4 

TTIP will decompose upon heating above about 100 °C without such an agent though higher temperatures 

(above ~165 °C) are favored for TTIP decomposition to avoid unoxidized carbon contamination of the 

sample70,71.  The use of an oxidizing agent is the simplest method for eliminating carbon; others have 

avoided it by using an evaporated Ti layer to begin deposition rather than expose Si to the TTIP directly72.  
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Oxidizing agents can be selected based on synthesis temperature, but selection rules are flexible.  

Common agents include O2 gas, and H2O or H2O2 fed by a carrier gas from a bubbler.  Water has limited 

reactivity below 150 °C73, but above that it is a good agent as it is insensitive to temperature74, safe to use, 

and easy to provide in excess leaving TTIP as a limiting reagent.  TTIP will decompose above about 100 

°C to produce propane and water without an oxidizing agent making water the lower limiting factor in 

regards to deposition temperature.   

Conversely to water, TTIP has an upper limit as far as deposition is concerned.  Above about 

300 °C, the decomposition product shift to include more isopropanol and eventually to propene70,75.  This 

shift coincides with the precursor sticking to adsorption sites.  Lowering surface mobility in this way 

prevents true self-limiting growth necessary for ALD.  Additionally, the rapidity of the decomposition 

precludes an oxidizing agent being able to participate due to the purge time.  Above about 340 °C, TTIP 

will begin decomposition in the gas phase especially when not shielded from self-collisions by a carrier 

gas76. 

Antimony doped Si(100) wafers (Silicon Quest International) with n-type resistivity of 0.013 

Ω*cm were used as substrates for polycrystalline TiO2 work.  Heterojunction device were grown on 

SrTiO3 single crystals (MTI Corporation) either as received or with 60 nm of SrRuO3 deposited by DC 

sputtering or Pulsed Laser Deposition (PLD).  Substrates were degreased by successive sonication and 

rinsing in acetone and isopropanol, before drying with compressed N2.  Silicon substrates were etched in 

48% HF (Sigma Aldrich) (1 min) and rinsed in deionized water (1 min) to remove the native SiO2 layer 

that otherwise acts as an undesired insulator. 

All water used in the etching processes, as well as during synthesis was minimum 18 Mohm-

cm deionized water produced by the deionized water still (Barnstead E-pure D4641) in the Kenis lab 

group. 

Detailed explanations of the Layer by Layer (pseudo-ALD) deposition chamber may be 

found in Master’s and Doctoral thesis of David Barlaz and Meredith Kratzer Sellers respectively. 
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2.1.2  Annealing 

Synthesized films can be amorphous or polycrystalline depending on synthesis temperature.  

Crystallinity may be achieved by annealed in a tube furnace (Barnstead Thermolyne F79300) under an 

ambient atmosphere.  The programmable furnace allows films to be annealed at a specified ramp rate for 

specified time before turning off and allowing samples to cool.  This furnace is capable of ramp rates up 

to approximately 60 °C/min. 

When annealing in a controlled atmosphere and/or under vacuum was desired, samples were 

annealed in a 0.5 liter six-way cross vacuum annealing chamber.  The sample was mounted to a low 

resistivity silicon carrier wafer (SQI, same as above) using a zirconia based (Aremco CeramabondTM 516) 

ceramic adhesive cured at 200 °F for two hours in air.  The carrier wafer was attached to copper leads 

using tungsten foil and resistively heated with up to 30 Watts of DC power.  The temperature of the 

sample was monitored via a k-type thermocouple pressed on the sample surface on the same feedthrough 

as the copper leads.  Other ports included a viewing port, a leak valve connected to a H2 compressed gas 

cylinder, and a gate valve with a pressure monitor attached leading to a Welch 1405 belt drive rough 

pump. 

Atmospheric annealing may also be accomplished using temperature programmed X-Ray 

Diffraction (TP-XRD).  Diffractometer details may be found in Section 2.3.1 X-Ray Reflectivity & 

Diffraction below.  When TP-XRD is performed, the samples are mounted on a 1*1 inch silicon carrier 

wafer with Aremco 516.  A custom sample stage includes a resistive heater which the carrier wafer is 

mounted to.  Ramp rate and temperature are controlled through the diffractometer software, all annealing 

occurs in an ambient atmosphere. 

2.2  Synthesis of SrRuO3 thin films 

SrRuO3 was deposited two different ways in this thesis, both on undoped SrTiO3 substrates.  

The first was from a single strontium-ruthenium oxide ceramic target by DC sputtering on the Illinois 

campus.  The chamber was pumped to an unknown base pressure below 1*10-5 Torr before deposition.  
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Sputtering took place in 4 mTorr of a 60:40 Ar:O2 mixture at room temperature.  At a power of 15 W, a 

60 nm film of SRO required 4 hours of deposition.  All films produced by this method were amorphous.  

Ex situ annealing in air was performed on some samples in the same furnace described above to attempt 

solid phase epitaxial regrowth of the SRO.   

The second method was performed at Brookhaven National Lab by PLD using a PVD 

Products PLD/MBE 2300 with a 248 nm KrF excimer laser.  Deposition occurred from a single 

strontium-ruthenium oxide ceramic target at 750 °C in 200 mTorr of oxygen.  All samples produced by 

this method were epitaxial. 

2.2.1  Electrical & Optical Characterization of SrRuO3 

Due to differences in physical properties of amorphous and crystalline SRO, there was a 

need to estimate the relative degree to which photogenerated charge carriers would be produced and 

transferred to the TiO2 capping layer.  To accomplish this, optical transmittance measurements over the 

visible region were made using a Varian Cary 5G Spectrophotometer.  Measurements were taken in both 

diffuse and direct modes to determine the effect of the unpolished substrate backside.  Samples were 

mounted against a 2.5 mm through hole to ensure that only the film area was measured. 

 Electrical characterization measurements were made using a Jandel 4PP with the RM 3000 

test unit.  Conductivity values are not measured directly using a 4PP, rather a sheet resistance value is 

calculated from the current applied and voltage produced in units of Ω/□.  Resistivity is then calculated 

using Equation 2. 

𝜌𝜌 = 𝑅𝑅𝑠𝑠 ∗ 𝑡𝑡   
Equation 2:  Determination of resistivity using sheet resistance measured by 4PP. 

Where ρ is bulk resistivity, Rs is the sheet resistance, and t is the thickness of the layer being measured.  

Conductivity is the reciprocal of resistivity, and estimations of carrier concentrations may be made from 

this value if desired.  Care must be taken when performing 4PP on layered materials that the layer being 
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measured is the only conductive layer, is continuous, and forms an ohmic contact with the tips of the 4PP 

apparatus. 

If the sample geometry is significantly different from a square, correction factors to the sheet 

resistance value may be applied.  However, in the case that the distance between the farthest probes is less 

than half the distance from the probes to the edge of the sample, the shape factor does not make a 

significant difference.  Additionally, the measurements performed in this thesis were for the purpose of 

comparing samples so absolute values were not of significant use. 

All measurements were repeated both under ambient light, as well as under dark conditions.  

Dark conditions were obtained by placing aluminum foil sheets over the measurement apparatus.  In 

general, this did not significantly affect measured values of resistivity as photogenerated carriers comprise 

a relative minority of free carriers in a metallic material.  Only dark measurements are reported. 

2.3  Morphological Characterization 

While a single wavelength Ellipsometer is sufficient for films of known refractive index, it 

becomes a tool of limited value for polycrystalline thin films, films thin enough that optical properties no 

longer resemble the bulk, or films on highly reflective surfaces such SrRuO3, or very rough substrate or 

film surfaces.  Films with thicknesses below about 10 nm are difficult to characterize with X-Ray 

reflectivity or spectroscopic ellipsometry unless they are smooth at both interfaces to within 1 nm.  Such 

films may require cross sectional Scanning electron microscopy to provide accurate thickness 

measurements without the use of Transmission electron microscopy.  Polycrystalline films tend to have 

varying refractive index, and even a small change (1%) can introduce significant inaccuracy to thickness 

measurements.  In addition to more accurate thickness measurements, other morphological data for thin 

films is typically learned through the use of non-destructive X-ray based techniques. 
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2.3.1 X-Ray Reflectivity & Diffraction 

Morphological data were acquired through the use of a PANalytical X-ray difractometer.  

The Copper X-ray source operated at 45 kV and 40 mA.  The detector was a PIXcel High Speed Line 

detector capable of 25 million counts per second per strip.  For X-ray reflectivity scans, a 1/32 degree slit 

is used with the divergence slit, X-ray diffraction scans use a 1/2 degree slit. 

X-ray reflectivity (XRR) data were analyzed for bulk density as well as thickness.  Density 

was determined one of two ways depending on the quality of the scan.  The most direct method is as 

follows1.  The experimentally determined critical angle of total external reflection, θc, is related to the 

bulk density of the film ρ according to Equation 3.  θc is obtained from the angle at which the XRR 

spectral intensity is half of the plateau value77. 

F
A

ZNr Aec ==
π

λ
r

θ 2

 

Equation 3: Density as a Function of Critical Angle 

F is constant for a given material and irradiating beam.  From literature sources, re is the classical electron 

radius (2.82*10-15 m), λ the x-ray wavelength, Z the atomic number, NA Avogadro’s number, and A the 

mass number78. 

The PANalytical X-ray Reflectivity software package can also determine density and 

thickness through a simulation method where the two parameters along with surface roughness are varied 

by the user to match the experimental data.  In cases where simulation was used, thicknesses agreed with 

the previous method to within either 1 nm or 2% of total thickness. 

X-ray diffraction (XRD) data were analyzed using MDI JADE software.  Peak identification 

was done using JCPDS cards 21-1272 and 21-1276 for anatase and rutile phases respectively.  JCPDS 

cards 35-0734 and 43-0472 were used for SrTiO3 and SrRuO3 respectively.  Scherrer’s formula (Equation 

4) is used by the software to determine individual crystallite sizes. 

( )θ
λ

cos
9.0

B
D =  

Equation 4: Scherrer's formula 
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From the instrument, λ = 0.15406 nm.  Additionally, β = B – b, where B is the observed FWHM and b is 

the instrument function determined from the broadening of the monocrystalline silicon diffraction line.  

Peak broadening was assumed to be solely a function of crystallite size as microstrain and temperature 

effects are expected to be negligible for room temperature measurements1. 

Without a more direct visualization method, determination of grain size is not possible.  

Crystallite size is therefore used as a type of proxy for grain size in polycrystalline material with the 

assumption that they are at least partially correlated.  Grain sizes may be directly visualized using 

Transmission electron microscopy if required79. 

2.4  Electrical Characterization of TiO2 

Defect engineering desires to control the concentration of electrically active defects in a 

material.  This is a non-trivial matter in TiO2 and indeed much of the literature seeks to explain catalyst 

performance solely in terms of morphological properties as a work around.  TiO2 has a relatively high 

bandgap (3.2 eV), and forms a Schottky diode with many metals.  This makes Hall effect measurements 

difficult, and traditional Four Point Probe (4PP) measurements nearly impossible. 

To overcome this, carrier concentration is derived from Mott-Shottky plots taken from 

Capacitance-Voltage sweeps of TiO2 thin films built into an electrical circuit with the metal contacts and 

the silicon substrate.  The device structure and protocol first developed in this research group1, 80 has been 

altered to avoid the use of InGa eutectic.  Updated details of the diode fabrication process may be found 

in the master’s thesis of David Barlaz81 and recent literature68 while a schematic of the final device 

structure may be seen in Figure 3.  
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Figure 3:  Schematic of the Al/TiO2/Si/Al Mott-Schottky diode test structure. 

2.4.1  Electrical Measurements 

Electrical measurements are carried out on a probe station with four Signatone S-725 

micropositioners, each connected to a dedicated 3 lug BNC triaxial cable for connection to instruments. 

Each micropositioner was equipped with a 1.25” SE-T tungsten probe tip with a tip diameter of 5.0 μm, 

and a shaft diameter of 25 mm.  Measurement control and data collection were performed using a Shottky 

diode testing program within Agilent IC-CAP Device Modeling Software. 

I-V sweeps were carried out using a Agilent B2900A Series Precision Source/Measure Unit.  

For a given sample, a sweep was taken using two Al/Si ohmic contacts to ensure that they demonstrated 

ohmic behavior and were of sufficiently low resistance.  A typical sweep would be 400 data points from -

0.5 V to 0.5 V.  One of these contacts would be used in series with a TiO2/Al contact for a second I-V 

sweep to demonstrate diode like behavior and determine the location of the diode’s breakdown point 

under reverse bias.  A typical sweep would be 800 data points from -10 V to 10 V with device breakdown 

typically occurring between -2 V and 2 V. 

C-V sweeps were obtained using a Agilent E4980A Precision LCR Meter.  Up to three 

TiO2/Al contacts would be tested for each sample depending on the integrity and placement of the 

contacts.  A typical sweep would be 500 data points between -1.5 V and 2.5 V with a frequency of 1 

MHz.  Two sweeps were obtained for each sample.  The first with is taken using default instrument 

settings with a “medium” integration time for each data point.  The second increased the integration time 
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to “long” and added a 5 ms hold at each data point.  This later scan was to help ensure that scan data did 

not have any transient behavior caused by the rapidity of testing. 

2.4.2  Carrier Concentration Determination 

The extraction of carrier concentration values from C-V data is not trivial.  Typical C-V 

sweeps can be divided into five regimes.  On the two extremes, the device is in ‘breakdown’, which is to 

say that a sufficiently high voltage has been applied that the circuit ceases to act like a capacitor in series 

with a resistor and behaves like a series of resistors.  In the middle behavior is divided into accumulation, 

depletion, and inversion regimes.  Figure 4a shows a typical C-V plot for a Al/TiO2 diode1. 

 
Figure 4:  a) C-V data and b) Mott-Schottky plots for a Al/TiO2 device. 

In the accumulation regime (typically V < 0), positive charges accumulate in the TiO2 at the 

interface from the bulk.  This coupled with a reduction in positive charge on the Al side produces a higher 

capacitance.  In the depletion region (0 < V < VFB) the reverse occurs.  Positive charges from the bulk Al 

are pushed to the interface while positive minority carriers in the TiO2 are drawn away creating a 
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negatively charged depletion layer at the TiO2 side of the interface.  These oppositely charged interface 

sides lower the capacitance.   Inversion (2VFB  <  V) occurs as negative charge carriers from the TiO2 bulk 

are now pushed to interface increasing capacitance. 

In the depletion region, the device obeys the Mott-Schottky Equation below. 
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Equation 5:  Mott-Schottky Equation 

C is the capacitance across the semiconductor/metal interface, ε0 is the permittivity of free space, ε is the 

dielectric constant for the semiconductor (εTiO2 =55 82), V is the applied voltage, VFB is the flat band 

voltage, kT/q is the potential from thermal generation of electron hole pairs, A is the contact area, and ND 

is the net donor concentration.  Equating net donor concentration and carrier concentration is valid for 

applied potentials which are low enough to form the generation of ions in the solid.  ND can be extracted 

by plotting 1/C2 v. V and determining the slope in the depletion region as seen in Figure 4. 

2.5  Atomic Force Microscopy 

ALD, Sputtering, and PLD are all known for their ability to produce highly uniform, smooth 

thin films regardless of the material being deposited.  However, when working with material layers of 

decreasing thickness, even small non-uniformities become more likely to affect the performance of a 

device.  This is especially true of catalytic materials where activity is typically normalized and reported in 

units of activity per unit of real surface rather than bulk area.  For this reason, if it necessary to produce at 

least a rough estimate of surface roughness to ensure that sample to sample variation is minimal and does 

not cause catalytic activity data to become meaningless. 

A useful characterization technique for this is Atomic Force Microscopy (AFM).  AFM is a 

technique where a hard tip with an extremely fine point (< 10 nm) is rastered across a surface, either 

dragging or tapping, while at least one other measurements are taken.  The simplest and most common of 

these is a height measurement made by reflecting a laser onto the backside of the cantilever arm holding 
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the tip.  One thing that has led to the notoriety of AFM is the ability to achieve resolution of a single 

atomic radius in the vertical direction when measuring sharp steps on surfaces.  AFM is a parent 

technique to many other characterization tools where other measurements are made simultaneously using 

tip bias, sample bias, other photostimulation, etc.  

The Asylum Research MFP-3DTM AFM tool was used for AFM measurements.  Tips were 

Budget Sensors BS-Tap300Al tapping tips with a lateral resolution of approximately 8 nm when new.  All 

measurements were performed in tapping mode where the tip is rapidly waved in the vertical direction by 

a series of piezoelectric motors.  This helps prevent rapid tip degradation from dragging across a hard 

surface and also helps reduce the buildup of organic contaminants on the tip which impede measurements.  

Surface roughness measurements, and other analyses, were performed using the Igor Pro software 

package used to control the AFM. 

2.6  X-ray Photoelectron Spectroscopy 

The basis behind X-ray Photoelectron Spectroscopy (XPS) is that for every element and 

every bond type, there will be a signature energy associated with the transition of an electron from a core 

shell to the vacuum level.  Electrons are excited and ejected by a beam of X-Ray photons of known 

energy, and the kinetic energy of the ejected electrons is measured using an electron energy analyzer.  

The binding energy of these electrons is given by Equation 6. 

𝐾𝐾𝐾𝐾 = ℎ𝜈𝜈 − 𝐵𝐵𝐵𝐵 − 𝜑𝜑 
Equation 6:  Determination of Binding Energy from Kinetic Energy of a free electron. 

where the energy of the incoming X-Ray photon is given by hν and φ is the work function of the material, 

or the energy between the Fermi level and the vacuum.  Binding energy is defined in XPS as the energy 

difference between the Fermi level and core shell energy level.  Typical XPS data will be plotted on a 

binding energy scale with a reverse order x-axis so that when reading a plot from left to right, the kinetic 

energy will be increasing. 



22 

 

The practical limit to XPS with regard to material thickness is the escape path of the ejected 

electron.  The signal gained versus depth drops off significantly above one mean free path for an electron 

making XPS primarily a surface characterization technique.  Typically depths for XPS profiling will be in 

the range of 2-10 nm, often less than 5 nm.   

The SRO deposited by room temperature sputtering was done with a single SRO ceramic 

target.  Because deposition of Sr and Ru cannot be controlled independently, a mechanism for comparing 

the stoichiometry of the finished film is required.  XPS provides a relatively quick way to obtain chemical 

composition near the surface of the film to within a few atomic percent.  Minimal data fitting and 

processing is needed.  The deposited films are expected to be homogenous, so a near surface composition 

is a good proxy for bulk film composition, especially where ratios of metal elements are concerned. 

The second use for XPS in this project is the determination of interfacial band bending at a 

shallow buried interface.  Because of charge compensation at a heterojunction, the redox state of elements 

in the atomic layers closest to the junction may differ significantly from the bulk material.  XPS is 

capable of capturing this phenomenon in the form of peak shifting and broadening when the buried 

interface is less than the mean free path of an electron from the surface (~ 5 nm for TiO2).  Details of the 

technique can be found in Chapter 6. 

All XPS measurements were performed on a Kratos Axis ULTRA instrument with a pass 

energy of 40 eV, excitation by monochromatic Al Kα radiation.  Samples were sonicated in acetone, 

sonicated heavily in IPA, and dried with dry N2 before being scanned to prevent significant surface 

contamination.  Samples were mounted with copper clips on the surface as the semiconducting nature of 

the TiO2 can lead to charging.  All samples were grounded and data were collected with charge 

compensation off.  The metallic nature of the SRO was sufficient to prevent significant charging when 

grounded despite the insulating nature of the STO substrates.  All data fitting and analysis was performed 

using the Casa XPS software package. 
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CHAPTER 3 
 

EFFECT OF ANNEALING TEMPERATURE ON MORPHOLOGY AND CARRIER 
CONCENTRATION 

3.1  Medium Range Order 

The final microstructure of a polycrystalline film is in and of itself complex, there is also 

another regime of crystallinity that must be accounted for when studying the crystallization of an 

amorphous material.  Typically, crystallinity in films is detected by spectroscopic techniques such as 

XRD.  This technique can produce a lot of noise especially with films with significant surface roughness 

meaning that the smallest crystal detectable will be on the scale of several to tens of nanometers 

containing dozens to hundreds of unit cells.  Many nominally amorphous materials contain a shorter range 

crystallinity that forms under growth conditions but is not detectable by commonly available 

spectroscopic methods.  This level of order is not necessarily energetically stable over long periods of 

time.  However, if a nominally amorphous film begins crystallization soon after growth, this medium 

range order may allow nuclei for larger stable crystallites to form more quickly.  This regime of 

crystallinity has been given several different terms in the literature, several of which are introduced 

below.  For simplicity, in subsequent sections of the present work this regime of crystallinity will be 

collectively referred to as “medium range order” or MRO. 

Nanoscale order in the form of “subcritical nuclei” in amorphous titania-silica glass has been 

detected using neutron scattering data assisted by computational techniques83.  Experimental techniques 

have been developed for detecting nanoscale order using Fluctuation Transmission Electron Microscopy84 

in some disordered solids with some complimentary computational work85 by the Abelson group at U. of 

Illinois.   
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The presence of “medium range order” in the form of subcritical nuclei in CVD-deposited 

amorphous TiO2 was noted by our group in a photo-assisted surface diffusion experiment86.  Here 

subcritical nuclei were present throughout an amorphous titania film, and the film was exposed to low 

level UV light through a patterned photo mask.  In areas exposed to the light, critical nuclei grew as 

mobile surface atoms migrated to the subcritical nuclei.  Furthermore, the shape of the final crystallite 

was controllable by varying the pattern of the photo mask.  If the same level of medium range order 

detected at the surface by Kondratenko et al. is present in the bulk of our amorphous titania films, it may 

have a noticeable effect on the final crystallized form.  

3.2  Previous Work Concerning Medium Range Order 

This results in this chapter are an extension of an effort to discover and manipulate medium 

range order in amorphously deposited TiO2 during crystallization to the anatase phase.  Previous results 

are contained in the Master’s thesis of David Barlaz.  There details of experiments in which the deposition 

rate, deposition temperature, and ramp rate used during annealing were altered. 

The effects of deposition rate and temperature closely followed each other as a single 

parameter, the mobility of deposited atoms, was altered.  At lower deposition rates and deposition 

temperatures, each ‘layer’ of atoms has a greater degree of freedom initially before being covered.  This 

allows for some of these sub-critical nuclei to form in a highly dense and relatively ordered amorphous 

material.  Upon crystallization, these films exhibited significantly (~ 15%) greater density and reductions 

in carrier concentration of about ½ an order of magnitude.  The explanation was that the presence of 

medium range order at the outset of crystallization by annealing allowed for fewer, larger grains to form 

with less void space between grains leaving fewer internal surfaces for oxygen vacancies to form and 

store charge. 

The effect of annealing ramp rate was less straightforward.  As ramp rate was increased, 

monotonic increases were observed in both crystallite size and bulk density.  The explanation was that the 
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MRO present in the film was able to grow rapidly into stable crystallites upon annealing, and that this 

rapid growth outcompeted the growth of randomly seeded nuclei in the remaining amorphous material.  

However, there was the corresponding change in carrier concentration.  No explanation was able to be 

given for this without the tools available.  It is possible that the increase in crystallite size does not 

translate as well to grain size as hypothesized and that enough pore space continued to exist allowing 

oxygen vacancies space to maintain their stability. 

3.3  Experimental Results 

To examine the effects of steady annealing temperature that converts amorphous material to 

anatase, films were grown at 200 °C and 2.25 nm per cycle to thicknesses of 80 or 250 nm.  Ramp-up was 

done at 20 °C min−1 to temperatures between 400 and 650 °C.  Figure 5 shows a sharp increase by a factor 

of two in crystallite size as the annealing temperature rises from 400 to 450 °C.  Error bars are taken from 

JADE peak fitting results, the added curve is hand drawn, serving only to guide the eye.  
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Figure 5:  Variation in anatase [101] crystallite size with annealing temperature. 

The crystallite size decreases gradually for further temperature increases back to approximately the 

original value. Despite significant scatter in the data, Figure 6 shows no perceptible change in bulk 
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density over the range of annealing temperatures tested.  Error bars represent a 2% uncertainty around the 

determined value typical to density measurements made with PANalytical software packages. 
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Figure 6:  Variation in bulk density with annealing temperature. 

Figure 7 compares the thickness variation of the carrier concentration for the two annealing temperatures.  

The data for 550 °C hint at a slightly stronger thickness variation than for 450 °C.  However, given the 

substantial scatter, the results in do not provide an adequate basis for conclusively distinguishing a 

difference between the two annealing temperatures.  Accordingly, a single line has been employed to 

correlate the data phenomenologically based on trends seen in the literature31,68.   
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Figure 7:  Variation in carrier concentration with thickness for annealing temperatures of 450 °C and 550 °C. 

Carrier concentration data are not shown for 400 and 650 °C for partially unknown reasons.  

XRD of the 400 °C films showed normal peak intensities for a polycrystalline TiO2 film.  However, film 

conductivity was below a level needed to perform either I-V or C-V measurements.  New Al contact 

fabrication did not rectify the issue which persisted across all samples annealed at 400 °C.  The 

conclusion was that either a degree of crystallinity or oxidation required to make grains conductive with 

each other was not met.  This would potentially be of use if an application were discovered in which 

crystallinity without conductivity was required. 

Samples annealed at 650 °C also exhibited conductivity issues which were not rectified by 

fabrication of new Al contacts.  One likely explanation is that the increased temperature allowed for 

diffusion of oxygen from either the atmosphere, the TiO2, or both into the silicon substrate creating an 

insulating barrier.  This is supported by an outlier peak observed in the XRD pattern for one sample 

annealed at 650 °C (Figure 8) and nowhere else.   
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Figure 8:  XRD patterns of samples annealed at 650 °C (red) and 550 °C (black).  The unknown peak at 28.2° 

is attributed to a Silicon-Titanium oxide material.  All other peaks attributed to anatase TiO2 of Silicon 
substrate. 

The peak does not match diffraction patterns for any phase of TiO2; it does match diffraction patterns for 

several Si-Ti-O compounds that could result from an interfacial reaction between the silicon and titanium 

in the presence of heat and excess oxygen.  Why this peak would appear, and no other peaks associated 

with any of these materials is likewise an unknown.  What may be said is that all of the Si-Ti-O 

compounds discovered are believed to be insulating which is consistent with the probe station data.  Why 

crystallinity would appear in one sample but not another is likewise unknown but suffice it to say that an 

amorphous mixture of Si, Ti and O would also be expected to form an insulating layer. 

3.4  Conclusions 

Increasing the final annealing temperature exerts no clear effect on density or Nd, but 

induces large and non-monotonic variations in crystallite size.  Evidently any time or temperature 

dependence of the donor concentration for the polycrystalline material originates on a time scale less than 

the 24 annealing time used here, and the experimental range of temperatures.  There was no compelling 

explanation for the complicated behavior of crystallite size.  It seems reasonable that competing kinetic 

and perhaps diffusional processes are probably at work, either during the latter stages of the ramp phase 
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(whose length depends upon the final temperature) or early in the constant-temperature phase.  While the 

variation in crystallite sizes lends further credence to the presence to medium range order in amorphous 

TiO2, the soaking temperature of the annealing process does not appear to be an appropriate method for 

future manipulation for purposes of defect engineering. 
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CHAPTER 4 
 

EFFECT OF HYDROGEN ANNEALING ON ANATASE TIO2 

4.1  Introduction 

The tools for defect engineering on the bulk properties of metal oxides are limited without 

the use of dopants.  In the case of polycrystalline anatase TiO2, the presence of oxygen vacancies creates 

an n-type material which can only be healed to a limited extent through film densification.  It has been 

noted that these vacancies tend to aggregate at grain boundaries, void spaces, and other free surfaces 

within the material where the local energy landscape is different31, 68.  Building from this, it is conceivable 

that oxygen vacancies could be passivated or removed by the addition of a new species just at grain 

boundaries.  If these defects are healed, the bulk properties of the material would be altered without the 

need to perform defect engineering in the bulk as is commonly performed with dopants.  Similar 

techniques have already been demonstrated in rutile TiO2 single crystals87,88 and ZnO single crystals89,90 

where dangling bonds, surface polarity, and other specific surface sites/defects acted as gateways for 

dopants to enter the near surface bulk. 

Polycrystalline materials retain significant porosity, so a treatment gas should not have 

difficulty accessing significant area of grain boundaries within the bulk material.  Additionally, the 

treatment gas will need to be reactive with the TiO2 without the addition of a liquid phase catalyst such as 

a strong acid.   The adsorption of a number of different gases have been studies on TiO2 surfaces91, 

though a great deal has yet to be done with regard to understanding their reactivity as a means of 

passivating oxygen vacancies.  Oxygen has been shown to diffuse along grain boundaries and react with 

vacancies at high oxygen pressure in coarse grained rutile TiO2, while at low pressures both coarse 
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grained rutile and finer grained anatase lost oxygen through the formation of titanium interstitials along 

grain boundaries92.  Other promising candidates may include hydrogen and halides group elements.  On 

rutile TiO2, Cl2 has been shown to adsorb to Ti4+ ions93 and bridging oxygen atoms94 at the surface and 

preferentially fill oxygen vacancies95. 

Hydrogen has a much longer, but more complex history with metal oxides.  Diffusion of 

hydrogen in ZnO, and the effects on conductivity96,97, was studied as far back as the 1950s due to the 

luminescence of ZnO.  This work has continued with the aim of modifying ZnO conductivity for use as a 

transparent conducting oxide (TCO) using both hydrogen gas98 and plasma99.  As TiO2 research 

expanded, UHV studies showed that molecular hydrogen did not interact strongly with rutile TiO2 

surfaces100, but that atomic hydrogen would adsorb at room temperature101, with oxygen vacancies acting 

as adsorption sites102.  Despite the perceived low reactivity, rutile surfaces were shown to have all 

bridging oxygen sites hydroxylated at elevated temperature after treatment with hydrogen gas103, and 

Diebold is quick to point out that this hydroxylation is unlikely to be present under normal synthesis 

conditions91. 

Hydrogen annealing of TiO2 has already received some interest from the electronic materials 

community as TiO2 is considered a candidate electrode material for batteries and fuel cells where 

corrosion is a major concern104,105, as well as non-volatile memory applications due to its thermal stability 

and unipolar switching mechanism106,107.  In all cases, the conductivity change is attributed to the 

reduction of the TiO2 along grain boundaries or other free surfaces resulting in the production of a 

Magnéli phase composed of TinO2n-1 where ‘n’ is typically 4-5.  Memory applications have favored 

electroforming the Magnéli phase using electrodes sandwiching thin films of anatase108 or brookite109 

TiO2 under bias with good reversibility under reverse switching bias.  Electrode applications have favored 

hydrogen annealing as spatial resolution of filaments is not as crucial and high throughput processing of 

nanoparticles to be immobilized on other electrode substrates at a later point is desired.  Magnéli phase 
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formation was successful by this route in both anatase105 and rutile110 nanoparticles.  In the later, bulk 

crystalline Ti4O7 appeared in XRD patterns with the sample material taking on a black color. 

In more recent photocatalysis research, a major discovery was made that annealing anatase 

TiO2 nanoparticles in high (20 bar) pressures of hydrogen gas for extended periods of time significantly 

increased photocatalytic activity turning nanoparticles from white in color to black111,112.  Electron spin 

resonance data attributed the improved activity to light absorption due to the formation of a Ti3+ defect112 

ostensibly at the free surface though TEM experiments show the formation of an amorphous shell at the 

edge of the bulk crystalline nanoparticle.  Similar results were demonstrated in rutile TiO2 using 

photoelectrochemical electrodes annealed in hydrogen24.  This intensive treatment process was quickly 

improved upon with comparable results were achieved at lower pressures, and much shorter processing 

times, using a hydrogen plasma of anatase nanoparticles; again seeing improved photocatalytic 

performance, coloring the material black and producing a thin amorphous shell atop a crystalline 

core25,113. 

4.2 Key Questions  

Throughout the work on catalytic materials, several things are not addressed.  Possibly the 

most important as regards materials stability is one of reversibility.  If oxygen is removed from a 

crystalline material as water, will oxygen gas be able to oxidize the Magnéli phase back to TiO2?  With 

the exception of the rutile particles, no bulk TiO2 is ever completely reduced leaving a crystalline TiO2 

core.  Because the Magnéli phases are conductive, can a meaningful carrier concentration be extracted 

from such material?  If the material still behaves like a bulk semiconductor except for the Magnéli phase 

filaments, could this be manipulated as a new tool for defect engineering?  Could the ability to reduce 

large areas by annealing in controlled atmospheres offer advantages to electroforming processes where 

metal contacts would have to be etched off before a catalytic material would be ready to use? 
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While reversibility questions may be tested on nanoparticles, carrier concentration 

measurements are much better suited to thin films systems.  Thermal production of Magnéli phases in thin 

films has not been previously reported for hydrogen annealed TiO2.  This will serve as a useful point of 

comparison to the intensive annealing conditions on the order of days first used in the production of black 

TiO2 nanoparticles.   

4.3  Experimental Design 

Thin films of TiO2 were grown by pseudo-ALD to thicknesses of 100 nm on HF etched n-

type silicon.  All samples were annealed at 550 °C for 24 hours as per the normal oxidation routine 

described earlier.  Samples were then cleaved by scribing the backside, one part was left in its oxidized 

form while the other was annealed further in a hydrogen atmosphere using the controlled atmosphere 

chamber described in Chapter 2.  The chamber was purged with hydrogen and the pressure was allowed 

to stabilize at the intended value before heating began.  Pressures ranged from 10 to 100 mTorr, 

temperature was held constant at 550 °C.  Heating ramp rates were not easily controlled; sample heating 

typically took 30 minutes or less and cooling typically occurred over the course of an hour in vacuum 

with the hydrogen leak valve closed. 

After annealing was complete, Al contacts were sputtered to thicknesses of approximately 

100 nm as described in Chapters 2 and 3.  In some cases Al contacts were removed after probe station 

testing.  These contacts were removed by etching in 0.1 M NaOH for several minutes until sample 

appeared free of Al.  Samples were rinsed heavily in DI water afterwards and degreased in acetone and 

IPA before any further characterization was performed. 

4.4  Physical Characterization Results 

To determine whether the hydrogen treatment caused any bulk crystallinity alteration, XRD 

was performed on samples before after annealing.  A representative pattern can be seen in Figure 9.  In 

addition to the substrate peak at 33°, anatase TiO2 peaks can be seen at 25° (101), 48° (200), and 55° 
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(211) with negligible changes in intensity or peak shape before and after treatment.  Therefore, any effect 

that the hydrogen has on the TiO2 is likely to be taking place at grain boundaries and free surfaces without 

the creation of a significant amount of amorphous material, or in the bulk in the form of point defects that 

do not change bulk crystallinity at low concentrations. 
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Figure 9:  XRD pattern of 100 nm film before (oxidized) and after (reduced) exposure to 8 hours of 100 

mTorr H2 at 550 °C. 

Despite the consistency in bulk crystallinity, some samples displayed significant visible 

changes upon annealing.  These changes were at least partially correlated with the power required to heat 

the sample to 550 °C.  All samples were backed by identical carrier wafers, however, there was 

significant variability in the quality of the contact between the wafer and the copper leads.  The wafers 

were regularly abraded and the leads were wrapped in W foil to assist in making a good electrical 

connection.  Despite this, the power required varied from about 15 W to close to 30 W.  Samples 

requiring high power were more likely to have an altered appearance, a representative sample of which 

may be seen in Figure 10.  The small fractal patterns on the surface are significantly larger than the 

average crystallite size.  They were generally not visible through the Al contacts, suggesting that they are 

in the bulk of the film, or spread across the surface.  An immediate theory for their appearance is 
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redepositing of Si from the carrier wafers which were heated to over 800 °C in order to produce a 

temperature of 550 °C at the sample top surface.  Whether they are comprised of SiO2, a silicon carbide, 

or a polysilicon hydride is unknown, but failure to remove them could seriously impact the integrity of 

electrical characterization efforts. 

 
Figure 10:  Optical image of hydrogen annealed sample requiring high power.  Depth of focus is lost in top 
right and bottom left corners as the sample was not mounted flat on its carrier wafer.  Sputtered Al contact 

can be seen in the bottom right and top center. 

To determine the composition of these surface features, survey scans using XPS were 

performed on a number of samples, with and without the visible change.  As seen in Figure 11, samples 

show a significant surface coverage of silicon and carbon deep enough to mask the majority of the Ti 2p 

signal.  The sample was then sputtered by an in situ ion beam for 3 minutes.  This time should remove 

approximately 5 nm of material.  After sputtering was completed, the signals from both silicon and carbon 

are in line with the background, while peaks associated with TiO2 become stronger in intensity.  The 

unidentified peak at 248 eV may be a W 4d peak associated with the conductive sample mount or another 

chamber piece affected by the ion beam.  This confirmed that the surface decoration was from the carrier 

wafer and did not diffuse into the bulk of the sample where it would affect electrical characterization.  

Surface contamination by silicon compounds can be etched using strong bases without affecting the TiO2. 
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Figure 11:  XPS of Hydrogen annealed sample as received and after sputtering. 

The final question to be answered on the physical side is whether the hydrogen affects the 

concentrations of either Ti or O in the film.  To help answer this, Secondary Ion Mass Spectroscopy 

(SIMS) was performed on a sample before and after exposure to hydrogen.  The approximate atomic 

concentrations for Ti can be seen in Figure 12; note, some offset is expected between the samples due to 

instrument stability issues at the time the measurements were taken.  In the oxidized film, no trend in 

concentration is visible as expected.  The reduced film does show a slight trend with an order of 

magnitude drop in concentration close to the surface; this may be explained by the presence of surface 

contamination.  What is more difficult to explain is why the concentrations do not fully return to untreated 

levels until much deeper in the film.  It is unlikely that H2 would remove significant Ti from the film; 

TiH4 is the primary compound that could form, and it is an unstable gas.  Conventional diffusion behavior 

would expect oxygen to be depleted near the surface rather than being drawn up from deeper in the bulk.  

The profile is too deep for surface contamination to explain the entire trend, it is possible that instrument 

instability is partially at fault. 
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Figure 12:  SIMS depth profile of Ti atomic concentration. 

Unfortunately, the question of oxygen concentrations could not be answered by this method.  

The SIMS uses oxygen ions as a bombardment source both during milling and sampling.  As a result, any 

oxygen concentration measured would be a measurement of beam intensity and not sample composition.  

Hydrogen signals are detectable by SIMS, but because of their light mass, accurate concentrations are 

difficult to obtain.  Indeed, significant and nearly constant hydrogen signals were recorded by the SIMS 

for both samples that may most easily be attributed to H2 background in the chamber operating at UHV 

conditions.  A small but constant Si peak was discernable for both samples that is indicative of a 

pinhole(s) somewhere in the otherwise continuous film.  A similar Al peak was also detected and was 

attributed to the sample holder/mask used by the SIMS errantly being milled due to instrument drift. 

4.5  Electrical Characterization Results 

One set of samples were annealed for 3 hours in a 10 mTorr H2 atmosphere.  These samples 

displayed no significant differences in the shapes of their IV and CV data.  Carrier concentrations for the 

oxidized and reduced sample halves were all in the range of expected values for anatase TiO2 of that 

thickness (~6*1017 /cm3).  Variations between the oxidized and reduced samples were on the order of 5% 
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which is well within experimental error common to these measurements as seen by the scatter in 

Reference [68]. 

Annealing pressures were then increased to 100 mTorr and annealing times were varied 

from under 2 hours up to 8 hours.  The contrast was stark as seen in Figure 13.  Samples annealed for 3 

hours or longer have IV curves that are not rectifying unlike their oxidized counterparts.  There is an ill-

defined transition that occurs between 2 and 2.5 hours where the breakdown at negative bias is clearly 

missing, as is the rectifying loss of current at positive bias.  Nonetheless, the junction is clearly not fully 

ohmic as the IV curve is bowed heavily away from linear behavior.  The behavior shows minimal 

hysteresis between forward and reverse sweeps.  The CV curves lose the characteristic shape belonging to 

rectifying junctions shown in Figure 4.  Some have irregular shapes that are not consistent across 

samples, but most just appear heavily flattened as there is no longer any variation in capacitance of an 

ohmic junction with bias. 
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Figure 13:  Representative IV curves of oxidized, partially reduced, and heavily reduced TiO2.  Forward and 

reverse curves are shown for each sample. 

To ensure that the phenomena was unique to the contacts on the TiO2 side and not related to 

the backside contacts, pad-to-pad measurements were taken by moving the probe on an Al/Si contact to 
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another Al/TiO2 contact.  IV curves from these measurements were also nearly linear albeit at a 

noticeably higher resistance, compare the 8 hour data in Figure 13 to Figure 14.  This may be explained as 

the thickness of TiO2 that current must traverse has doubled in this measurement.  Without a rectifying 

junction, the TiO2 is the greatest contributor to the overall series resistance of the circuit shown in Figure 

3.  Variation between contacts and hysteresis are both negligible as evidenced by the total overlap of 

plotted data in Figure 14. 
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Figure 14:  IV curves from pad-to-pad measurements on 8 hour reduced TiO2.  Two measurements are 
shown with forward and reverse sweeps overlaid. The measurements shared one common pad and one 

uncommon pad.  Red dashed line sits at a 45° angle and is meant as a guide to the eye. 

As mentioned in the previous section, there was a concern about the presence of Si species 

on the surface.  It is unlikely that these species would produce the response seen here with TiO2 

apparently making an ohmic contact with a metal.  The surface contamination would be heavily oxidized 

and SiO2 is a known insulator so no ohmic connection with the Al would be expected.  If enough silicon 

built up on the surface, it is hypothetically possible that some conductive layer could form which would 

bridge the contacts through pin holes in the film to the substrate and this circuit would be ohmic in nature.  

To test for this or any other effects of the surface contamination, Al contacts were removed with caustic 

etches as described above and redeposited at a later time.  New contacts showed the same behavior 
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indicating that the surface contamination did not interfere with the type of contact the TiO2 formed with 

the Al. 

In a similar vein, selected samples were subjected to 4PP measurements.  Oxidized samples 

consistently failed to produce a signal as the voltages required were out of range of the instrument.  This 

is expected of TiO2 as the W tips form a rectifying contact with the material80.  Those reduced in H2 

showed some conductivity, though it was inconsistent across samples and often required many attempts to 

make a stable contact.  Values for resistivity were significantly lower than the reference Si substrate 

indicating that when an electrical contact was made, the majorty of the current was passing through the 

TiO2 film laterally as opposed to through the thickness of the TiO2, into the substrate, and back through 

the TiO2 beneath another probe.  

The results above are consistent with the formation of thermally produced Magnéli phases 

along the grain boundaries of the TiO2.  The physical and electronic properties are comparable to 

electroformed Magnéli phases in thin film TiO2 with regard to bulk morphology and ohmic contacts with 

metals108.  As the reduction occurs primarily along grain boundaries, the hydrogen has only to diffuse 

through these pores rather than the bulk material.  Once in the pore, the hydrogen can react anywhere 

along the path ways allowing filaments to form which transverse the film.  Given that the grain sizes will 

be a fraction of the size of the Al contacts, a large number of these filaments should be in contact with any 

given contact.  As the Magnéli phases are metallic in nature, they are likewise able to form ohmic, or very 

leaky diodes, contacts with the underlying n-type silicon.  The ability to form a good contact with the 4PP 

apparatus was likely dependent on whether the probe contacted a filament as those probe tips are 

significantly smaller. 

4.6  Reversibility 

The literature on electroformed Magnéli phases mentioned above focuses heavily on the bias 

required to switch the material back to rectifying, and the number of cycles that the material can undergo 
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before reversibility fails.  In thin film electrode sandwiches, the reduced material must lose oxygen, but 

the oxygen cannot travel far and may be simply absorbed by the adjacent bulk TiO2 material.  In the case 

of the thermally grown Magnéli phases, it is likely that the reduced material loses oxygen in the form of 

water vapor that is able to diffuse out of the pore through which it entered.  It is unclear whether 

molecular oxygen will be able to follow the same diffusion path, or what its adsorption and reactivity will 

be with a Magnéli phase. 

To test this, select films had their contacts removed by caustic etch and were annealed in air 

for the length of time at the same soak temperatures that they were subjected to a reducing environment.  

Annealing protocols were the same as those discussed earlier.  The results were spurious with no 

consistent trend across different annealing times.  A selection is shown in Figure 15.  Some samples 

return to rectifying behavior with a drop in current indicating that the contact between the Si substrate and 

TiO2 is being oxidized in addition to the Magnéli phase (Figure 15a).  Other samples display nearly 

identical behavior, or at least retain a non-rectifying profile similar to the partially reduced sample shown 

in Figure 13. 

 
Figure 15:  IV curves of re-oxidized Magnéli phases.  'a' and 'c' are each 2.5 hour anneals, 'b' is 2 hour. 

4.7  Conclusions 

Magnéli phases can by produced by thermal methods in thin films with comparable 

properties to those produced by electroforming.  The reducing conditions are not nearly as time or energy 

intensive as the processes used to form Magnéli phases in nanoparticle systems.  While the reversibility is 
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poor compared to electroforming, the stability is good and could be useful to applications where Magnéli 

phases are desirable but the deposition and removal of a counter electrode for the electroforming process 

could cause issues for subsequent contacts, such as in battery and photovoltaic applications.  If the 

electrode fabrication step could be avoided, it is possible that an anneal in hydrogen would not 

significantly increase fabrication time as well and can be performed in large quantities.  Despite this, the 

use of hydrogen appears ill suited for the control of carrier concentration for purposes of tuning material 

properties for photocatalytic applications. 
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CHAPTER 5 
 

SYNTHESIS AND CHARACTERIZATION OF STRONTIUM RUTHENATE 

5.1  Introduction 

The synthesis of a material containing more than a single atomic species frequently poses a 

challenge to researchers and industrial designers alike.  In the case of metal oxides, controlling the 

relative oxygen stoichiometry is a challenge as oxygen may be incorporated into the final material by 

several means.  For example, when synthesizing TiO2 from TTIP, oxygen can be incorporated exclusively 

from the precursor72, from an oxidizing agent such as water, and from annealing in an oxygen rich 

environment. 

Controlling stoichiometry becomes significantly more challenging when there are three or 

more atomic species such as the case of SrRuO3.  In addition to oxygen, the ratio of Sr:Ru must be 

controlled independently for high quality films to be produced.  Despite the fact that Sr and Ru differ by 

only six protons, Sr is an alkali earth metal while Ru is a transition metal.  Their atomic radii differ by 

nearly a factor of two, and their relative reactivity with oxygen is altered strongly by their differing 

valence states.  Sr belongs to a group of elements that oxidize rapidly in the presence of oxygen.  One 

implication of this reactivity is that use of sputter deposition for synthesizing oxide films containing Sr 

must accommodate high resputter rates of Sr off of the sample in the presence oxygen.   

To add to this challenge, the SrRuO3 synthesized on campus is done using a single SrRuO3 

target.  Frequently triatomic and more complex materials being synthesized from solid sources such as 

sputter targets will have a target for each metallic element to be incorporated into the final film so that 

their deposition rates may be tuned somewhat independently.  Given that Sr and Ru each have difference 
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masses and electron affinities, their abilities to be sputtered, deposit on a substrate, and avoid being re-

sputtered by oxygen atoms will all be different.   

This leaves several strategies for adjusting the Sr/Ru ratio of the deposited film.  Although 

resputtering of Sr would be reduced by the removal of oxygen gas from the plasma, it would require the 

film be oxidized by an ex situ anneal, the protocol development for which would be challenging as one 

would then have to contend with Sr and O diffusion from the substrate as well as the free surface while 

trying to achieve uniform oxygen stoichiometry throughout.  Removal of Sr or O from the substrate 

interface would likely affect epitaxial regrowth as well.  A much better established strategy is to increase 

the total pressure during film growth; this reduces the average energy of oxygen ions or radicals that 

reach the substrate thereby reducing the degree to which Sr will be resputtered from the surface114,115,116.  

However, these studies were all performed at elevated temperature, so changes sticking probability and 

other factors may be at play.  If final oxygen stoichiometry is significantly off of specification, 

adjustments may also be made to the gas ratios at a constant total pressure.  An alternate strategy to 

reduce the energy of oxygen atoms near the substrate is to increase the distance between the sputter target 

and substrate114.  This option is not available to us as the sample mount only allows for rotation.  The final 

strategy for reducing oxygen atom energy is to perform off-axis sputtering117,118.  This method does not 

reduce the energy of oxygen atoms directly, but rather assumes that the majority of their momentum will 

be perpendicular to the target.  Rotating the sample mount so that the substrate is nearly parallel to the 

path of sputtered material leaving the target means that the only oxygen atoms striking the surface will 

have momentums with small perpendicular components that will not cause significant resputtering of Sr.  

The disadvantage to this is that deposition rates of all material drop significantly. 

5.2  Amorphous & Epitaxial SrRuO3 Synthesis 

Because SrRuO3 is somewhat unique in its band structure and metallic characteristics, it is 

unknown whether or to what degree amorphous material will retain these properties.  In order to 
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determine the suitability of amorphous SRO for characterization of the photocatalyst, various physical 

and electronic properties of a representative sample were compared to an equivalent epitaxial sample.  

Samples were synthesized as described in Chapter 2.  Amorphous samples were grown to a thickness of 

60 nm.  Thicknesses were estimated using sister samples of silicon wafer pieces with a line of photoresist 

across the sample.  After developing the sister sample, the height of the film could be measured by 

profilometry.  The accuracy of this measurement method was confirmed by XRR.  Epitaxial samples 

grown at Brookhaven National Lab were given sister samples where TEM was used to determine precise 

thickness values. 

After growth, several amorphous SRO samples were annealed to temperatures between 850 

°C and 1100 °C for up to 2 hours in either the tube furnace or using the TP-XRD stage both described in 

Chapter 2 to attempt Solid Phase Epitaxial Regrowth.  No epitaxial samples from Brookhaven received 

any post-synthesis processing. 

5.3  Physical Characterization Results 

AFM scans were performed on representative samples of amorphous, annealed and epitaxial 

samples.  The surfaces of the amorphous and epitaxial samples are comparably smooth with surface 

roughness values on the order of 2 nm as seen in Figure 16.  The amorphous sample that was annealed 

takes on a roughened surface with the appearance of small raised dots of material on a smooth 

background.  It is not known whether the background here is bare substrate, or a second phase within the 

film.  The relative height difference from the peak tops to the floor bottom is on the order of the total 

original film thickness. 
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Figure 16:  AFM micrographs of SrRuO3.  Note differences in scale bars. 

An SEM image of the annealed sample can be seen in Figure 17.  The annotations on the image point out 

several things of note.   

 
Figure 17:  SEM micrograph of annealed SrRuO3. 
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The first is the presence of highly faceted islands among the smaller surrounding islands too small to see 

any form of faceting.  The second is the presence of incredibly smooth sections between some islands that 

suggest the annealing process caused a partial delamination of the film revealing a bare STO substrate.  

These bare regions were too small to perform Electron Backscatter Diffraction or another spectroscopic 

elemental identification technique to confirm the presence of STO. 

The crystallinity suggested by Figure 17 is confirmed by the asymmetric shoulders on the 

STO substrate peaks of the annealed SRO sample in Figure 18.  The amorphous SrRuO3 has no 

identifiable peaks other than the substrate peaks; the peaks at 20, 24, 27, 28 and 32° are from the ceramic 

adhesive used to mount the sample for TP-XRD and may be ignored.  As the sample was annealed, the 

shoulder at lower angle grew as the sample crystallized in small, highly strained, epitaxial regions.  

Although these regions are epitaxial, they do not form a contiguous film as will be demonstrated later.  

The epitaxial film shows fully separated SRO peaks alongside the substrate peaks. 
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Figure 18:  XRD 2θ-Ω plots of SrRuO3 thin films on SrTiO3.  Visible SrTiO3 substrate peaks are at 22.8° 

(100) and 46.5 (200); SrRuO3 peaks are at 22.6° (020) and 46.2° (040).   

A number of factors may contribute to the failure of a film to undergo complete solid phase 

epitaxial regrowth.  The most common impediment is a dirty interface which disrupts the crystal lattice 
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from the perspective of the film to be crystallized.  This could explain bare patches, but is not likely the 

case as all samples were degreased by sonicating in acetone and IPA before final rinses in either IPA or 

distilled water.  A more likely explanation comes from the lack of control over the stoichiometry of the 

amorphously deposited SRO as the deposition source is a single SRO target, elemental compositions of 

the amorphous film as determined by XPS is in Table 1.  Better control over stoichiometry would prevent 

the preferential segregation of Sr to the epitaxial islands and allow the entire film to epitaxially regrow in 

a uniform manner. 

Sample Composition % Approximate Ratio 

Deposition Pressure Sr Ru O O:Ru:Sr 
4 mTorr 8.6 24.9 66.6 3:1:0.15 
12 mTorr 5.1 25.6 69.3 3:1:0.07 
4 mTorr (off-axis) Negligible Deposition 

Table 1:  Elemental compositions of amorphously deposited SrRuO3 films. 

The increase in total pressure did not improve the control over stoichiometry as desired.  It appears that 

another factor is dominating the Sr deposition or resputter rate.  This is most likely attributable to the 

deposition temperature.  At higher temperatures, the Sr will oxidize rapidly in the presence of oxygen 

possibly making it more resistant to resputtering.  The compositions of films deposited by off-axis 

sputtering could not be determined as films were too thin and of too poor a quality to perform meaningful 

characterization on.  The author suggests that this be tried again at a later date at a higher sputter power.  

Oxygen pressure and Ar:O2 ratio was not manipulated to preserve the Ru:O ratio. 

The Ru:O ratios in Table 1 are consistently close to the expected values for a SrRuO3 film.  

It is therefore likely that the nanostructured epitaxial film seen in Figure 16b and Figure 17 is close to a 

proper stoichiometric ratio while the regions surrounding those crystalline islands contain some RuOx 

suboxide of indeterminate crystallinity.  The oxidation states are likely close to that of RuO2 as the films 

were annealed under atmospheric conditions and allowed to oxidize in the same manner the TiO2 films do 

as described above. 
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5.4  Optical Absorption Results 

Results of the transmission experiments described above for the samples can be seen in 

Figure 19.  The data were collected using a 3.5 mm through hole with the detector set to collect directly 

transmitted light in addition to diffuse scattered light.  This was necessary for two reasons.  The first is 

that the goal of the transmission experiment is to determine the total light absorbed by the sample, so all 

light not absorbed must be accounted for.  Second, the backside on the STO substrate is not polished, so 

while scattering is consistent across samples, collecting only directly passed light reduces the signal by 

over an order of magnitude.  For all SRO samples, reflected light is expected to be consistent and 

negligible because the samples were uniformly dark in color to the naked eye.  The sharp drop in 

transmittance around 380 nm may be interpreted as the band gap of the SrTiO3. 
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Figure 19:  Transmittance data for SrRuO3 film types.  Solid green line (direct light) shown for comparison to 

epitaxial SrRuO3 film.  Scattering from film backside is responsible for artificially low measured 
transmittance and is not indicative of absorption of light. 

It is important to note, the measurement of transmittance and absorbance does not indicate 

the final-state energy of the photogenerated carriers absorbed by the SRO film.  Whether they barely 

reach band edges and immediately recombine, or exist as hot carriers and tunnel significant lengths within 

the SRO or substrate is not known. 
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Several results may be interpreted from the data.  The most important item of note is the 

exceptional performance of the amorphous SRO relative to the crystalline films for possible 

photocatalysis.  The absorbance of the film over the visible range is approximately twice that of epitaxial 

material.  One reasonable explanation for this is that the energetic states of the amorphous material are not 

tightly pinned as they are in a crystalline material.  As a result, the band gap may not be as well defined 

for the amorphous material and absorption across a number of wavelengths may be improved.   

The second major result is the insignificant difference in optical absorption performance 

between the nanocrystalline annealed sample and the epitaxially grown sample.  The flat areas seen in 

Figure 17 suggested that a significant portion of the substrate had little to no film coverage.  If this was 

the case, one would expect performance with regard to light absorption to suffer.  We do not have a 

comparison sample of RuOx suboxide to use as a comparison for the nanocrystalline material.  Rather we 

are forced to assume that the majority of the light absorbed by the film is done in the epitaxial crystalline 

regions and the combined performance of the amorphous ruthenium heavy regions and bare substrate 

regions more or less offset each other.  RuO2 is a difficult material to characterize without knowing its 

exact composition and crystallinity.  A transition from metal to dielectric behavior has been reported as 

the material goes from crystalline to amorphous119.  In the amorphous state, the band gap of RuO2 has 

been reported between 2.2 [120] and 2.4 [121] eV; this is higher than SRO, but well short of the STO 

substrate. 

5.5  Conductivity Results 

Independent from the ability act as a light absorbing layer, the SRO must also provide 

efficient transfer of charge to the TiO2.  This takes place in several steps.  The first is that the SRO itself 

must be conducting enough that these charges reach the interface before recombining. The second is 

overcoming the rectifying barrier at the TiO2 interface.  Direct quantitative measurements of this transfer 

are difficult as the substrate is insulating and the electron microscopy techniques, such as Ballistic 
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Electron Emission Microscopy (BEEM) and Electron Beam Induced Current (EBIC), require a completed 

circuit to be made across the layers of the sample and were not possible with available resources.  

Determination of the metallic conductivity of the SRO films was performed using a Four 

Point Probe (4PP) as described above, the results of the measurements are compiled in Table 2.  Listed 

sheet resistance values are averages of measurements at 100 μA, 500 μA and 1 mA on 2-3 distinct spots 

on the sample.  Typical variations in measured values was on the order of 1% so standard deviations 

values were not calculated or reported separately. 

Sample Sheet Resistance (Ω/□) Resistivity (Ω•cm) 

Substrate SrTiO3  Too Insulating 
Amorphous SrRuO3 155 9.2•10-4 

Nanocrystalline SrRuO3 Discontinuous Film 
Epitaxial SrRuO3 43 2.8•10-4 

Table 2:  Summary of 4PP data on SrRuO3 films. 

Sheet resistance values may be converted to resistivity (and conductivity) values using the thickness of 

the film and a shape factor.  In the case of these samples, the probes were far enough from the edge of the 

sample that no shape factor corrections are needed.  As expected, the STO was too insulating to take a 

4PP measurement; the W probe tips likely created a rectifying barrier with the STO.  This is helpful as it 

assures the integrity of future measurements of SRO films as all of the current will be known to be 

passing through the film and not the substrate.   

As suggested by Figure 17, the nanocrystalline film does have significant regions between 

the epitaxial crystals leaving an essentially discontinuous film.  This is confirmed by the 4PP 

measurements as the sample failed to form a stable bias within acceptable current ranges.  Regardless of 

the RuOx or bare substrate material between the islands, they are not conductive as a metal would be.  

This means that any TiO2 capping layer above the bare regions would not be taking advantage of the 

metallic properties of the SRO to receive photogenerated carriers in those regions. 
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5.6  Conclusions 

The epitaxial material appears to be well suited for use as a light absorbing layer in a 

heterojunction photocatalyst based on its absorption of light across the visible spectrum and its metal like 

conductivity.  The question becomes to what degree does an amorphous SRO films that is significantly 

non-stoichiometric retain this unusual conductivity.  We have already seen that the amorphous material 

has approximately double the light absorbing capacity of the epitaxial material.  The 4PP data indicates a 

conductivity that is significantly lower than the epitaxial film, but only by a factor of 3, not the orders of 

magnitude that typically separate metals and semiconductors; for reference, the difference in electrical 

conductivity between undoped amorphous and polycrystalline silicon may be six orders of magnitude122.  

It would appear that the amorphous material does retain this abnormal conductivity to a significant 

degree.  This is crucial for two reasons.  The first is the underlying assumption regarding charge transfer 

from the SRO to the TiO2 requiring the production of hot carriers.  If the conductivity and optical 

properties are comparable, it is plausible that hot carriers will be produced as before and the amorphous 

material may be used as a light absorbing layer in the subsequent heterojunction device structures.  The 

second is that if photocatalytic performance is comparable, it may open new research directions for metal 

oxides.  The identification of metal oxides that possess unusual properties in crystalline form should be 

then tested to see if any of these properties are retained in the amorphous state.  If so, metal oxide based 

devices could be produced at low cost and energy intensity as amorphous materials typically require less 

extreme synthesis conditions with regard to temperature and impurity tolerances. 
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CHAPTER 6 
 

PERFORMANCE OF TITANIUM DIOXIDE/STRONTIUM RUTHENATE HETEROJUNCTION 
PHOTOCATALYST IN DEGRADATION OF METHYLENE BLUE 

6.1  Introduction 

Semiconductor photocatalyst and electrocatalyst devices are attractive options for tackling 

the large scale clean energy demands that will face the next generation.  The materials are often cheap and 

abundant relative to precious metal catalysts, such as Pt and Re, and are amenable to a variety of 

deposition and structuring techniques.  A favorite in the crowd has been TiO2 for its demonstrated ability 

to produce hydrogen and oxygen gas from liquid water12.  Since the discovery of its photocatalytic 

properties, ongoing efforts to improve its performance have led researchers down a variety of paths, 

though there is an increasing desire to use TiO2 in some form of heterostructured device structure in order 

to tune material selection to a specific catalytic process or reaction environment.  This has necessitated a 

parallel effort in the identification of new materials for both cathode/anode123,124,125,45, and light absorbing 

materials45,59. 

A heterojunction may be defined as the contact between any two dissimilar semiconductors.  

This heterojunction may take many shapes, the additional material may form small phase separated 

pockets with a TiO2 bulk, it may be surface decoration on a TiO2 free surface, or a TiO2 substrate.  The 

development of a heterojunction photocatalytic device seeks to solve one or more limitations inherent to 

the use of TiO2 as a photocatalyst.  Common goals are to reduce the band gap/stimulate photocarrier 

production, improve carrier separation/lifetime, increase reactivity of a surface species, or act as an 

electrode for an electrocatalytic portion of the process.  A useful summary of heterojunction 

photocatalysis strategies can be seen in Figure 20. 
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Figure 20:  A summary of traditional heterojunction structures for photocatalytic processes.  Reproduced 

from Reference [45]. 
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A major feature in the above figure is that none of the strategies use the primary catalyst 

material (such as TiO2) as both the cathode and anode.  At first glance, this may appear somewhat odd as 

anatase TiO2 is known to have reasonable charge separation capabilities given its indirect band gap126.  It 

may be explained one of several ways depending on the application.  In the case of water splitting, or any 

other endothermic reaction, the reverse (undesirable) reaction would likely be favored by a single reactive 

surface.  For other reactions, the second material allows for the possibility of a selection of band edge 

positions for one of the half reactions.  Using the example of water splitting, the Conduction Band 

Minimum (CBM) of TiO2 matches closely with the redox potential of hydrogen, see Figure 21, the redox 

potential for oxygen is over 1 eV away.   

 
Figure 21:  Position of energy bands of various semiconductors in the dark (d) and in light (l) with respect to 

the electrochemical scale.  Reproduced from Ref [127]. 

If a single TiO2 surface is used, achieving changes in band edge positions at the free surface without an 

external bias is difficult.  Bi2S3 and CdS have both been employed in this manner providing a Valence 

Band Maximum (VBM) closer to the redox potential of oxygen and other organic pollutants128. 

Several of these strategies seek to address the poor light absorption capabilities of TiO2.  

Both ‘Sensitization’ and ‘ Direct Z-scheme’ use a second material to absorb light.  In the case of 

sensitization, the dye will be degraded by the process and must be regenerated making large scale durable 
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systems difficult to design.  The Direct Z-scheme does not require regeneration, and improves electron-

hole separation by having each half of the redox reactions occur on different surfaces; reactivity will 

likely become limited by the reactivity of the second material.  Finding a material whose VBM closely 

matches the redox potential of the oxidation reaction is challenging even with the help of dopants in 

tunable materials such as correlated oxide materials.  Add on the requirements of stability in a specific 

environment and a catalytically active surface and the design often becomes untenable. 

One possible solution to these design challenges is to use the second material exclusively for 

light absorption and have the material completely encased in a protective layer of TiO2, a schematic for 

which is shown in Figure 22.  In addition to the material being an efficient light absorber, it must form an 

electrical contact with TiO2 that enables both electrons and holes to move across the interface.  The 

material needs to have minimal effect on the transport of holes within the TiO2.  Native anatase TiO2 is 

heavily n-type (~1017 /cm3), so while free electrons are typically plentiful at the free surface, hole 

transport to the surface requires either enough holes to be produced that diffusion current is sufficient, or 

a strong drift current resulting from strong upward band bending in the TiO2 shown in Figure 22 by the 

curved solid black lines.  Other considerations include lack of reactivity or diffusivity of species between 

the second material and TiO2*, material and processing costs, and chemical stability†. 

6.2  Heterojunction Band Structure and Charge Transfer 

SrRuO3 is a strong candidate material to test the viability of a heterojunction design where 

the second material will be responsible for the majority of light absorption.  As mentioned previously, 

epitaxial or single crystal SRO can form a heteroepitaxial interface with anatase TiO2 which provides 

                                                      

* Diffusion of Sr, Ru, and Ti not a significant concern at temperatures a photocatalyst would be expected 
to experience (ie: below the boiling point of water for an aqueous system). 

† Due to the thin nature of the TiO2 capping layer, pin holes and other film discontinuities are a certainty. 
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ideal contact between the materials with a minimum of defects that could cause scattering and/or act as 

recombination centers for electron-hole pairs.  SRO also demonstrates strong light absorption in the 

visible region of the spectrum, see Figure 19.  There are two notable limitations to using SRO.  The first 

is that because the SRO has metallic conductivity, it has an effective n-type carrier concentration at least 

three orders of magnitude greater than TiO2.  As a result, there should exist a depletion region on the 

order of > 100 nm in the TiO2 to allow interfacial charge compensation to occur.  This may give rise to 

unusual band structures when the TiO2 is significantly less thick than the expected depletion region that 

will in turn create a strong drift current in one direction.  This will be discussed at length in Chapter 7.  

  
Figure 22:  Schematic of a TiO2/SrRuO3 Heterojunction photocatalyst.  Band positions are not drawn to 
scale.  Dashed line in TiO2 is a Quasi-fermi level for thermalized holes.  Redox potentials shown in liquid 

designate water splitting half reactions. 

The second major intrigue is that SRO does not possess a traditional band gap, but rather has 

a nearly continuous density of states close to its Fermi level129.  This has been represented in Figure 22 by 

a single metal like work function of 4.1 eV (straight black line).  Due to the position of this work 

function, a Schottky barrier forms at the interface with a barrier height of approximately 1.3 eV (Figure 

22, ΦSB)23, a significant barrier for an electron to overcome.  Based on a 3.2 eV band gap for TiO2, the 

electronic barrier for a hole would be an even greater 1.9 eV.  Hot carriers from the SRO have been 

proposed as a possible mechanism for driving carriers across the interface23 with a transit time on the 

order of 10-12 to 10-14 seconds130,131.  A hot carrier refers to any carrier that has been excited beyond the 
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relevant conduction or valence band edge.  The excess kinetic energy gives the carrier an effective 

temperature, thus ‘hot’, greater than the temperature of the material.  Unfortunately, detection of hot 

carriers at the interface is difficult, so their effects must be felt and studied in the bulk.  Hot carriers have 

been shown to be capable of driving redox reactions in certain systems where thermal carriers 

cannot132,133.  In such a system, the redox potential of the species cannot align with the Fermi level and 

remains outside the band edges at the semiconductor free surface.  This can happen either because a) the 

band edges are well pinned, b) because they can bend, but not far enough to encompass the redox 

potential (Figure 23, Reduction reaction), or c) they are bent in the opposite direction of the redox 

potential (Figure 23, Oxidation reaction).   

 
Figure 23:  Hot carrier photocatalysis. 

More commonly, hot carriers will thermalize to their relevant band edges and continue to 

exist as thermal carriers (Figure 22, orange lines).  These carriers are still mobile and will have lifetimes 

similar to those of other photogenerated carriers regardless of whether it is a single material system or a 

heterojunction device; thermal carrier recombination is shown by the blue lines in Figure 22.  In the case 

of a heterojunction device where hot carriers overcome an interfacial barrier, the question arises of 

whether they thermalize at the interface, or deeper in the TiO2 bulk.  Hot carriers are subject to drift 

currents in electric fields in the same manner that thermal carriers as shown in Figure 22, but over a 

significantly shorter time frame.  Hot carriers typically have lifetimes before thermalization on the order 
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of 10-13 to 10-11 seconds134,135,136 whereas thermal carriers can have lifetimes before recombination 

anywhere from 10-9 to 10-6 seconds130,137.  Regardless of whether hot carriers are swept by an internal 

electric field, or are allowed to diffuse freely, their lifetimes in the TiO2 bulk is expected to be brief.  This 

leaves an open ended question as to how far into the TiO2 bulk they are hot.  The distance is affected not 

only by lifetime, but mean free path as well.  Hot and thermal electrons have smaller effective masses 

than their hole counterparts so diffusion lengths can vary negligibly to three orders of magnitude134.  

Taking a round literature estimate of 15 nm134 for diffusion length of a hot electron (without crossing an 

interface), it is reasonable to expect that there will be a significant population of hot and thermalizing 

electrons in the first ~10 nm of the TiO2 film in addition to fully thermalized electrons.  As a result, the 

system does not obey an energetic distribution of thermalized electrons as another illuminated device such 

as a photovoltaic device might.  Because of this, Figure 22 was drawn without a Quasi-fermi level or 

demarcation level for the electrons in the TiO2. 

Given the significant barrier to the movement of holes across the interface, an alternate 

mechanism may be required.  Tunneling is a realistic probability for movement across the interface, but 

does not explain transport to the TiO2 free surface.  Literature measurements of tunneling path lengths for 

holes in TiO2 give an upper limit of about 2 nm138; photocatalytic activity observed in TiO2 capping layers 

of a similar length scale has been attributed to tunneling holes139.  A second option for moving the holes 

across the interface would be presence of an interfacial defect, or near interfacial in the TiO2, that is 

capable of receiving the holes near the valance band of the TiO2 shown in Figure 22 by the pink arrow.  

This proposed defect state creates a situation where the interface acts as a leaky dielectric140 and has been 

used to explain hole transport across interfacial barriers including SiO2/Si systems141 as well as a number 

of TiO2/Si heterostructures142,143.  The transit time for a hole across an interface by a leaky diode 

mechanism is estimated to be on the order of 10-12 seconds131, the transfer time for a hole to an OH 

species on the surface is on the order of 10-9 to 10-10 seconds144,127, and recombination will occur on the 

order of 10-8 seconds131.  From this we may say that the rate of transport is greater than the rate of 
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recombination which means the thermion limit will be reached145.  As a result, holes in the TiO2 will be 

fully thermalized, an equilibrium concentration will form under illumination that may be represented by a 

Quasi-fermi level shown in Figure 22 by the dashed black line in the TiO2.  A demarcation level could 

also be used here, but it would be difficult to place as the precise energies at which holes are likely to be 

trapped is unknown. 

6.3  Methylene Blue Degradation 

In order to determine the ability of photogenerated carriers in the SRO to perform 

meaningful catalytic work at the TiO2 free surface, a benchmark reaction is needed.  For this, the 

degradation of methylene blue dye (Figure 24) was used.  Methylene blue (MB) is an organic dye 

common to textile production and analytical chemistry.  It has gained significant use in photocatalysis 

research following the discovery that TiO2 is an effective catalyst for mineralization of the dye146 which 

has led to an ongoing effort to determine the degradation mechanism on TiO2 surfaces147,148.  The primary 

disagreement is whether the center ring opens first, as shown in Figure 24, or whether the amine groups 

are de-methylated and removed and the ring opening is the last step before full mineralization.  This is 

potentially a significant difference in that the amine removal will significantly increase the pH of the 

solution affecting future degradation rates, for that reason, many MB studies are performed on dilute 

solutions as we have done here.  Additionally, the two decoloration steps are associated with the opening 

of the central ring, so reporting a catalytic activity based on decoloration does not reflect the total number 

of catalytic electron-hole pairs produced by the catalyst.  In general, the literature reports activity in this 

manner, probably for ease of reporting and comparison.   

While variants of the mechanism exist in the literature, first order kinetics are generally 

agreed upon, and the reaction is catalyzed by a hole (h+), or another species produced by a hole and H2O 

such as an OH• radical or OH- ion.  Hole catalyzed path ways are consistently invoked for MB 

degradation on a variety of other catalysts including CeO2 nanoparticles149, ZnFeAl composites150, and 
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plasma treated water151.  The use of MB as a benchmark reaction has a number of advantages when 

selecting a reactant.  It is not volatile, it is relatively non-toxic when compared to common organic 

pollutants, and may be procured free of heavy metal contaminations known to poison catalytic surfaces.  

This allows it to be used as a model molecule for other degradation of more toxic materials such as 

toluene152.  It has a strong absorption peak in the visible range at 665 nm making its concentration easily 

monitored by inexpensive visible light spectroscopy equipment. 
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Figure 24:  Schematic of Methylene Blue degradation path way with decoloration in the first elementary step, 

reproduced from Reference [147]. 

Several disadvantages to the use of MB degradation are known as well.  It’s mineralization 

products include strong acids which affect its degradation rate153.  It will degrade under strong visible and 

UV light sources including the spectroscopy equipment used to monitor its concentration.  Alternate 

pathways to its degradation can also produce different responses to light absorption including the 

formation of dimers154.  Both of these concerns are relatively minor in dilute solutions where the dye 
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exists only as a monomer (dimers form at higher concentrations).  Unless the degradation reaction is run 

to complete mineralization, the changes in pH will be relatively minor and will not significantly affect the 

overall degradation rate.  Lastly, the degradation that results from the spectroscopy measurement device 

can be accounted for using data where no other catalyst is present. 

6.4  Photocatalysis Measurement Apparatus 

Photocatalysis experiments were performed using a Newport solar simulator.  The apparatus 

is equipped with a 300 W Xe arc lamp producing 3,760 mW/cm2 full AM1.5G spectrum light.  Between 

this light source and the sample is an AM1.5G filter and condenser lens to produce filtered with a λOD2 = 

416 nm longpass glass filter (which removes more than 99.97% of light with energy above the band gap 

of TiO2).  The final intensity of the light on the TiO2 surface has been estimated at approximately 3280 

mW/cm2 by other users23.  

The apparatus is equipped with a recirculating flow reactor for the thin film sample and the 

MB dye solution.  The path of the dye can be seen in the schematic shown in Figure 25.  Starting from a 

reservoir that is open to the air, the solution is drawn by the pump and forced through a cell containing the 

sample exposed to the filtered solar simulator light.  The dye then passes through a z-flow cell which 

provides a 1 cm path length for the spectrometer measuring dye concentrations before the solution returns 

to the reservoir.  The cell is mounted vertically with the liquid ports close to the top and bottom to prevent 

air bubbles from accumulating in the cell on the light path in front of the sample. 
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Figure 25:  Schematic of the recirculating photocatalysis reactor. 

The individual components of the reactor system are as follows: 

- Masterflex L/S peristaltic pump with L/S 16 tubing 

- Custom fabricated sample holder (details to follow) 

- FIA-1000 Z-flow (Plexiglas) cell with 1 cm path length 

- Ocean Optics LS-1 light source with fiber optic cables 

- Ocean Optics USB4000 spectrometer 

- Teflon tubing and 30 mL Erlenmeyer flask 

The sample mount was custom fabricated based on several needs.  Like the tubing used, it 

must not absorb significant dye from the solution, nor may it contribute to its degradation.  It should not 

expose the MB solution to light unnecessarily, restricting the spot size to the spot size of the exposed 

sample.  It must be sealed against leaks while mounted vertically for an extended period of time.  It also 

must be easily dissembled, cleaned, and reassembled between samples.  Through consultation with the 

machine shop, the schematic seen in Figure 26 was fabricated. 
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Figure 26:  Schematic of liquid cell for photocatalysis measurements.  Sizes in figure are not to scale. 

The frame of the cell is made from stainless steel.  The six threaded screws are machined to 

be flush with the base on the backside so that the cell will sit flat against any surface.  The main body of 

the cell is made from machined Teflon.  This body has a 2 mm diameter through hole which allows light 

and the MB solution to reach the sample surface below.  The sample is sealed to the main body by an O-

ring placed in a groove on the back side.  This O-ring size was the determining factor in setting the 

through hole diameter as the ring must sit entirely on the substrate (a 5*5 mm square).  The 2 mm 

diameter through hole is the maximum illuminated area allowable while still having a Teflon O-ring 

groove strong enough to support the thumb screw compression.  Inside the body, the main liquid cell is a 

cylinder of diameter 1 cm and height 5 mm.  At the base of this cell are liquid ports where 18 gauge 

stainless steel tubes which seal to the external Teflon tubing are placed.  The top of the body has a second 

O-ring groove to seal with a 1/16” thick quartz window (Chemglass Life Sciences CGQ-0600-01).  This 

window is held in place by an aluminum cover with a 2 mm diameter through hole centered above the 

through hole in the main body.  This prevents undesired illumination of the MB solution except where 

necessary above the active sample area.  This 2 mm through hole sits easily in the 3*4 mm oval shaped 

focus spot from the condenser lens of the Xenon lamp.  The window provides liquid sealing when the 

sample, body and window are compressed by six thumb screws above the aluminum cover.  The quartz 
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grade was selected for its minimal absorption in the visible spectrum.  Computer-aided design drawings 

(CAD) of the cell pieces can be found in Appendix A. 

6.5  Methylene blue degradation test conditions 

A complete set of instructions for operating the Solar Simulator can be found in Appendix 

B.  The dye solution was prepared each time from a stock solution of MB that was approximately 5 ppm.  

Each sample run used 15 mL (by weight) of a 1 ppm (3.17*10-6 M) MB solution diluted using the same 

DI described for TiO2 synthesis in Chapter 2.  Absorbance measurements are processed from the raw 

intensity signal for the spectrometer.  The dye solution was recirculated at a rate of about 10 mL/min.  

With the reservoir open to the atmosphere, the dye solution was allowed to equilibrate for 2 hours to 

ensure that the solution was fully saturated with oxygen.  When the lamp is on, the reaction is typically 

run for 8 hours.  When data collection is finished, the system is flushed for at least 30 minutes with DI 

water to ensure no absorbed dye remains behind.  Removable components are washed in DI water and 

dried under dry N2 gas. 

Full spectrum intensity and absorbance data are collected at intervals of one minute.  Strip 

charts are formed from these of intensity and absorbance at 665.03 nm where MB absorbance is 

maximized.  Data processing involves normalizing the raw absorbance data to an initial concentration of 1 

ppm at the beginning of the solar simulator exposure.  The relation between MB dye concertation and 

absorbance is linear, so normalized absorbance data can be interpreted directly as concentration of 

undegraded MB dye.  The spectrometer does not measure the concentration of intermediate degradation 

products, and pH was not monitored separately to estimate the degree to which the dye was fully 

mineralized.  As is commonly done in the literature, all activity data reported here will be strictly 

measurements of decoloration while the total activity of the catalyst is likely to be several times higher 

based on the number of elementary reaction steps in the proposed path ways. 
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6.6  TiO2 synthesis and thickness measurements 

TiO2 capping layers were grown on amorphous and epitaxial SRO samples described in 

Chapter 5.  Growth chambers settings used a 2 second pulse of TTIP and H2O to overcome incipient film 

nucleation issues observed for shorter precursor doses.  SRO samples were successively sonicated and 

rinsed in Acetone and IPA before being dried by blowing dry N2.  Due to the small sample sizes, they 

were adhered to similarly cleaned Si wafer pieces using silver paint (Ted Pella Leitsilber 200) which was 

dried in a 40 °C furnace for 10 minutes before being loaded into the TiO2 deposition chamber. 

Due to the thin nature of the TiO2 films being grown, several issues with accurately 

measuring film thicknesses presented themselves.  It was desired by the author to avoid performing TEM 

on each sample to obtain thicknesses due to the number of samples, the preparation time involved, and the 

necessity to sputter coat samples with metal during preparation as TiO2 is too insulating for FIB use.  The 

Rudolph Research single wavelength ellipsometer routinely failed to converge when the standard program 

for a film of known refractive index was used.  This may have been due to the thin nature of the TiO2, or 

the unusual optical properties of the underlying SRO.  It is worth noting that the single wavelength 

ellipsometer did not return consistent or accurate film thickness measurements for SRO films without 

capping layers.  The Woollam VAS spectroscopic ellipsometer encountered similar issues.  When 

modeling of the data was attempted in order to obtain a thickness from the fits, it was discovered that 

standard TiO2 optical constants were not sufficient as they appeared to vary at low thicknesses.  Because 

accurate thicknesses were not available for reference samples, we could not produce new optical 

constants on our own.   

XRR was the most successful technique in measuring film thicknesses.  X’Pert Reflectivity 

modeling software indicated that the expected fringes for films under 20 nm would be on the order of 0.5 

degrees in width on a 2Theta-Omega scan so the step size used was relatively large (0.25°) with dwell 

times per step increased until the signal to noise ratio was reasonable (~20 seconds/step).  With these scan 

settings, the critical angles of both the TiO2 and SRO films were frequently visible (Figure 27), though 
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the thickness fringes of the SRO were often poorly defined.  As there was no significant variation in 

thickness, density, or surface roughness for the SRO films, particularly the epitaxial films, SRO fringe 

visibility was not of concern.  Additionally, the small area of the samples provided an additional 

challenge as the beam length is of a similar or greater length than sample lengths.  To accommodate this, 

scans were performed using two different beam heights using beam blockers placed in the front of the X-

Ray optics.  The standard beam height (beam #10) was about 1 cm, while the smaller beam height used 

(beam #5) was about 0.5 cm.  Performance across the two beam sizes varied by sample.  Whichever beam 

height provided data with less noise was used for analysis. 
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Figure 27:  Representative XRR of a thin TiO2 capping layer on an SrRuO3 light absorbing layer.  Simulated 

data is shifted vertically for ease of viewing. 

Each sample had its TiO2 thickness measured by two separate fitting methods, both using the 

X’Pert Reflectivity software.  The first is a user defined fringe separation measurement in which users tell 

the software the location of the critical and angle and at least two fringe peaks or valleys.  The spacing is 

then used to calculate a thickness independent of material properties without providing information on 

density or surface roughness.  The second method uses a built in modeling capability that uses material 

data to produce a simulated data set given basic material properties.  Users then adjust inputs of material 
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thickness, density and roughness until the simulated data matches the overlaid experimental data.  This 

method is significantly more time intensive and its efficacy depends heavily on the noise in the 

experimental data.  Density of materials in the relevant thickness ranges is often poorly estimated but this 

does not prevent users from getting reliable fits for thicknesses as the density primarily affects the 

position of the critical angle and not the spacing of thickness fringes.  In the example shown in Figure 27, 

density values were as much as 30% lower than single crystal values to obtain the displayed fit.  

Thickness values obtained by this method agree with the first method typically returning values by about 

5% higher than the first method.  For purposes of this work, reported thicknesses will be those obtained 

by the first method.  Surface roughness estimations obtained by this method were in good agreement with 

AFM calculations on the order of 1-2 nm at most.  As roughness was consistent across all samples, it is 

believed to stem primarily from the roughness of the SRO and not from the TiO2.  As a result, roughness 

values will not be reported for each sample. 

The thinnest sample successfully measured by this method was 6.5 nm in thickness.  This 

leaves an open question of how to interpret samples where the TiO2 fringes were not discernable amongst 

the noise.  One explanation to offer is that they are thinner, and that sample roughness is sufficient to 

prevent a clear signal.  The alternative is that they are above this thickness and were abnormally rough for 

an unknown reason. 

6.7  Photocatalytic Results 

The overall degradation rate of MB is known to be pseudo-first order regardless of which 

path way mentioned above is followed.  A first order rate would produce an exponential decay while a 

zeroth order would produce a linear decay.  A linear decay may appear visible without curve fitting over 

the 8 hour run time used here.  An exponential decay shape often becomes clearly visible at significantly 

longer time periods, see Reference [23] Supporting Information, Figure S6 for a comparable catalyst 

loading and dye concentration. 
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The decoloration of MB by various thicknesses of amorphous TiO2 on 60 nm of amorphous 

SRO can be seen in Figure 28.  A limited number of samples are shown as the absorbance data is noisy 

due to known fluctuations in the spectrometer and possible bubbles in the solution.  What may be 

immediately seen is that clear differences in activity are visible between samples with thinner TiO2 being 

the better performer by a little under 10% after 8 hours.  The decay trend appears linear as expected over 

the run time. 
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Figure 28:  Decoloration of MB on a-TiO2/a-SRO.  Thicknesses of TiO2 are estimates due to uncertainties in 

the XRR data for these samples. 

An equivalent data set may be seen in Figure 29 for amorphous TiO2 of various thicknesses 

over epitaxial SRO.  As with the amorphous SRO data, a subset of the samples are shown for ease of 

viewing due to the noise in the data.  One thing that is immediately striking is that the amorphous SRO 

performs as well as the epitaxial material to within a few percent based on the final concentrations of dye 

for the 6.5 and 16 nm samples.  Additionally, a major example of spectrophotometer drift can be seen in 

the 6.5 nm sample from 200 minutes to 350 minutes. 
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Figure 29:  Decoloration of MB on a-TiO2/e-SRO for various thicknesses of TiO2. 

In order to treat the data more quantitatively, rate constants were extracted from the data.  

Both first order and zeroth order fits were performed on the normalized absorbance data in order to check 

for any evidence that the degradation was not happening according to the expected pseudo-first order 

model.  These values for ‘k’ were calculated forcing the y-intercept to be equal to 1 PPM.  In reality, dye 

loading varied slightly as dye was being pipetted from a stock solution on the order of 0.2% across all 

samples.  Rate constants were re-calculated from the logarithm scale plots shown using linear fits based 

on first order kinetics.  These values for the overall reaction rate constant ‘k’ can be seen in Table 3.  In 

order that the data may easily be compared to other MB degradation experiments, the units for k were 

subsequently converted to units more common to the literature for heterogeneous catalysis such μmol of 

MB/hour*gram of catalyst used for porous material and μmol of MB/hour*cm2 as used for thin film 

materials.  The weight of catalyst involved may be taken from the combined weight of TiO2 and SRO that 

lies beneath the 2 mm round active area of the reactor cell.  The SRO is a static 60 nm and a single crystal 

of known density (6.489 g/cm3).  The TiO2 is amorphous and of unknown density.  In Reference [23] a 

single crystal density of 4.23 g/cm3 was used for epitaxially grown TiO2, however, this TiO2 was only 10 

nm in thickness making the use of a bulk density potentially problematic.  An estimated density of 3.2 
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g/cm3 was also used for the weight based activity calculation.  This value comes from a rough average of 

TiO2 densities reported by the XRR simulations when fitting raw data to extract thickness, as well as from 

a slight underestimation of densities for polycrystalline material grown to greater thicknesses but at the 

same growth rate by the same chamber in Reference [68], Figure 2 (~1 nm/cycle). 
 

TiO2 
Thickness 

(nm) 
k*103 (1/min) k*10-3 

(1/hr) 

k (μmol/(hr*g)) 

k (μmol/(hr*cm2)) Single 
Crystal 

TiO2 

Amorphous 
TiO2 

6.5 0.205 12.3 438 468 0.0182 
15.5 0.155 9.3 305 356 0.0139 
16 0.190 11.4 372 436 0.0170 
27 0.109 6.54 199 258 0.0100 
31 0.087 5.22 150 200 0.0078 
44 0.117 7.02 182 269 0.0105 
54 0.048 2.88 70 110 0.0043 

Table 3:  Determination of overall rate constants for amorphous TiO2/epitaxial SrRuO3 samples based on 
first order kinetics fit (Log(C/Co)=-kt). 

When the absorbance data was normalized to the actual starting concentrations, calculated values for k 

did not change by more than 1% and are not reported separately here.  The total dye loading on a mol 

basis was included when calculating the catalyst weight activity. 

Figure 30 shows the same values for k plotted versus thickness of TiO2.  The values in 

thickness stretch from approximately the mean free path of an electron to several diffusion lengths for a 

thermal hole.  A linear trend is apparent from the data. 
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Figure 30:  Experimental k values.  Error bars shown are 5% of the calculated value and were chosen based 

on the signal/noise in the absorbance data.  A hand drawn line has been added as a guide to the eye. 

As demonstrated in Reference [23], this heterojunction structure has the ability to 

significantly outperform current industry standards such as Degussa P25 nanoparticles.  Our results 

outperform their sample comprising of 10 nm of epitaxial TiO2 over 60 nm of epitaxial SRO by about a 

factor of 3 on a per weight basis before correction for dye degradation due to light.  The results are less 

promising when compared to other TiO2 thin film experiments.  The best performing sample reported by 

Ong et al. showed activity half an order of magnitude higher for thin film TiO2 under UV light on a 

surface area basis40.  

6.8  Conclusions 

The linear dependence of catalytic activity on film thickness alone does not answer the 

overarching question of whether hole transport through the TiO2 is limited by diffusion or drift current.  

The degree to which the TiO2 is depleted will likely be a strong function of thickness as depletion width 

varies with the square root of the permittivity of the material.  We expect that the permittivity of the TiO2 

is changing with thickness as the optical properties at the thicknesses used here did not match well with 

bulk values.  If a truncation approximation for the degree to which the TiO2 is depleted is employed, the 
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electric field arising from the interface would in turn become a strong function of film thickness.  In this 

sense, a drift current model is not unreasonable.  The better charge compensation that occurs with 

increased thickness drives the magnitude of the electric field down and sweeps fewer holes to the surface.  

Unfortunately, the direction of the electric field is not known.  It is possible that the field could be in a 

disadvantageous direction, promoting electrons to the free surface and keeping holes close to the 

interface.  This is unlikely as the redox potentials of the water splitting half reactions should force the 

TiO2 band edges to be bent up at the free surface as shown in Figure 22.  A more simple explanation 

would be simply that the TiO2 at all the thicknesses above is heavily depleted and that electric field 

strength is insignificant with the band edge positions at the TiO2 free surface staying independent of the 

work function of the SrRuO3.  In this view, activity drops off linearly with thickness as photogenerated 

holes diffuse randomly across the TiO2 recombining randomly with the majority carrier electrons in the 

TiO2.  To decide between these opposing models, more information about the strength of the electric field 

at the interface is needed.  We will endeavor to address this question in Chapter 7. 
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CHAPTER 7 
 

DETECTION OF INTERFACIAL BAND BENDING AT THE TITANIUM 
DIOXIDE/STRONTIUM RUTHENATE INTERFACE BY X-RAY PHOTOELECTRON 

SPECTROSCOPY 

7.1  Interfacial Band Bending 

Charge transfer over a near interface depletion region is required to balance the difference in 

fermi levels between two semiconductors, or in the case of a metal-semiconductor junction the work 

function of the metal and fermi level of the semiconductor.  Interfacial band banding is a major artifact of 

this process of charge neutralization.  There reason to explore the presence of this band bending is a 

twofold.  First, it can lead to very strong electric fields close to the interface which can propagate across a 

thin catalytic layer.  These fields would play a significant role in a drift current affecting both minority 

and majority carrier transport.  Second, if band edges are bent significantly at the interface, the magnitude 

of an interfacial electronic barrier may also change which would have consequences for the discussion as 

to whether hot carriers are required to explain the photocatalytic events described in Chapter 6. 

The width of the depletion region may be estimated by solving the Poisson equation in one 

dimension, the form of which can be seen in Equation 7. 

𝑊𝑊𝑑𝑑 ≅ �
𝜀𝜀𝑟𝑟𝜀𝜀𝑜𝑜
𝑞𝑞

�
𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐵𝐵
𝑁𝑁𝐴𝐴𝑁𝑁𝐵𝐵

� (𝑉𝑉𝐵𝐵𝐵𝐵 − 𝑉𝑉)�
1
2�
 

Equation 7:  Depletion Width estimation from one dimensional Poisson equation 

Here, εr is the relative permittivity of the material of interest, εo is the permittivity of free space, N is the 

free carrier concentration of the two materials, VBI is the built in voltage resulting from the interfacial 

electronic barrier, such as a Schottky barrier, and V is the applied bias to the system if any. 
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The width will be greater on the side of lower carrier concentration, though actual widths 

vary significantly.  Depletion widths in TiO2 in a junction with n-type silicon can vary from < 10 nm to 

tens of nm as doping levels in the silicon are decreased.  Junctions between TiO2 and a metal will be tens 

of nm or larger. The degree to which this charge compensation process occurs in heterojunctions where 

one layer is significantly below the predicted depletion width is an important question and an area of 

research for metal oxide catalyst researchers where the catalytic layer is the thin layer of interest28. 

Measuring the degree to which charge compensation occurs in a semiconductor layer that 

cannot be fully depleted is difficult.  In a thick layer on one side of a typical junction, the depletion width 

will be storing charge in a material essentially identical to the rest of the bulk.  In a thin layer, another 

interface or free surface may also assist with charge compensation.  What can be observed is the changing 

of the charge state of material layers very close to the interface by way of XPS.   

When significant shifts occur in the position of the Fermi level within the sampling depth of 

the XPS instrument, the signature signal from the core shell ejection will change.  Typically, this leads to 

a broadening of the Full Width at Half Maximum (FWHM) of the XPS peaks where the x-axis is the 

binding energy of the observed electron.  When the position of the Fermi level is not pinned to the 

positions of the band edges, a broadening of the peak is indicative of band bending.  A greater degree of 

band bending is observed as increased broadening.  Slight differences in peaks symmetry may be 

indicative of which direction the band bending is occurring, however, this requires the peak not be 

overlapping with any nearby peaks that obscure peak shape in any way.  An excellent example of this 

technique may be found in publications by Scott Chambers group at Pacific Northwest National Lab, a 

replication of which can be seen in Figure 31.   
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Figure 31:  Reproduced from Reference [155].  a) Simulation of the effect of band bending on Ti 2p 3/2 line 
shape at a LaAlO3/STO (001) heterojunction. The first four TiO2 layers below the interface are shifted and 
attenuated to simulate 0.9 eV of band bending over 1.2 nm of STO. The black solid is the composite signal 

and exhibits a FWHM of 1.45 eV. (b) The actual Ti 2p 3/2 peak which exhibits a FWHM of 1.06 eV, 
indicating a near flat-band state. 

By measuring the peak broadening of a core shell electron belonging to the top layer of a very thin 

layered material, band bending at the interface may be estimated using first principles calculations and 

generating composite pictures of expected peak shape155,156.  If the positions of core shell electrons are 

significantly different for each atomic species on either side of the interface, band bending may be 

measured on both sides by looking at shifts in binding energies for core shell positions and valence band 

positions for each species, and solving for changes in Fermi level positions algebraically as seen by 

Equations 2-5 in Reference [155]. 
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7.2  Reference Spectra & Fitting Constraints 

In order to detect band bending, a reliable measurement of the FWHM of reference TiO2 

material must be obtained.  First a sample of amorphous TiO2 was grown on silicon to a thickness of 

approximately 90 nm with the same growth conditions as used in Chapter 6.  This is significantly greater 

than the predicted depletion width of a TiO2/n-type silicon junction, so the FWHM of the TiO2 peak will 

be representative of the TiO2 bulk and any charged surface states.  The XPS spectra of the Ti 2p peaks are 

shown in Figure 32.  It may be assumed that there will be no significant difference between the 

contributions of surface states in the reference and interfacial samples.  Should processing variations led 

to different surface states, the change in FWHM would render the reference sample not useable.  If 

variations are expected, changing the angle of the X-Ray source relative to the sample may help probe 

this as a more glancing angle will sample shallower depths of the sample.  Comparison of this glancing 

angle peak to a higher angle peak would display the effects of surface states to the FWHM of the Ti 2p 

reference peak.  This check was not performed as the thin nature of the samples that follow in the next 

section required that the X-ray incidence angle was kept high to ensure the entire film was sampled, 

especially at close to the interface, so surface sensitive comparisons would be difficult.   
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Figure 32:  XPS spectra for amorphous TiO2 reference sample. 
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The Shirley background was fit from 451.5 to 468.6 eV to encompass both the Ti 2p 1/2 and 3/2 peaks.  

The plasmon centered around 472 eV could not be easily fit with a Shirley background and was not 

necessary to obtain information about the Ti 2p peaks.  With regard to the fitting of sample peaks, several 

constraints may be taken from this reference spectra.  First, the Ti 2p peaks are both highly symmetrical 

as expected.  The line shape SGL(20) was used to fit both peaks.  This produces two further constraints 

on future fits.  The ratio of the areas of the peaks is expected to remain constant for any similar material 

regardless of changes to peak shape or width.  Additionally, the spacing between the peaks will remain 

constant regardless of other changes to the surrounding material.  A summary of peak fitting information 

may be found in Appendix C. 

Reference samples of amorphous and epitaxial SRO were measured in a similar matter.  For 

SRO, the Ru 3p peak is the only elemental peak that is not heavily convoluted with another peak 

belonging to either strontium, ruthenium, oxygen, or carbon.  The Ru 3p peak of a 60 nm amorphous 

SRO reference can be seen in Figure 33.  

450455460465470475480485490

4.0x103

6.0x103

8.0x103

1.0x104

Ru 3p 1/2

Ru 3p 3/2

In
te

ns
it

y 
(A

U
)

Binding Energy (eV)

 Raw Signal
 Background
 Fitting

 
Figure 33:  XPS spectra for an amorphous SrRuO3 reference sample. 

Unlike the Ti 2p peaks shown above, the Ru 3p peak has a noticeable asymmetry with a tail at higher 

binding energy. In order to accommodate the width of the peak, the Shirley background was extended 
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beyond the range used for Ti 2p and divided between two distinct regions.  The line shape 

A(0.2,0.6,0)SGL(50) produces good fits for both the Ru 3p peaks with an area ratio of 2.3:1.  This is the 

major constraint to be extracted from the reference spectra of amorphous SRO.  The signal will be 

attenuated by a TiO2 capping layer, but as signal is lost, asymmetry and total area should not vary.  

FWHM may be attenuated by capping layers differently, so it will not be as reliable of a constraint even 

though peak asymmetry is not expected to vary.  If this were a true semiconductor-semiconductor 

heterojunction, the asymmetry would be expected to shift in accordance with peak broadening.  However, 

because the SRO is metallic, the width of the depletion region on the SRO side of the junction is expected 

to be unmeasurably small, and therefore will not affect XPS peak shape.  A similar assumption may be 

made about the effect of any surface states that will be covered up by a capping layer because the SRO is 

metallic. 

The reference spectra for the epitaxial SRO film provides a similar picture as seen in Figure 

34.  The sample was a 60 nm film cleaved from a larger sample from the same batch.  Region selection 

and fitting was similar.  The line shape used was A(0.2,0.3,0)GL(50) and the ratio of the areas of the 

peaks was 2.14:1.  As with the amorphous reference sample, line shape and area ratios will be used as 

future constraints on fitted data, but not FWHM. 
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Figure 34:  XPS spectra for an epitaxial SrRuO3 reference sample. 

7.3  TiO2/SrRuO3 Interface 

In the case of the TiO2/SRO heterojunction, the measurements to determine band bending 

are not so straightforward.  Oxygen will have several different bonding states on the TiO2 free surface, in 

the TiO2 bulk, at the heterojunction interface, and in the SRO bulk; core shell position measurements will 

be difficult to accurately obtain as signals from each of the above states will produce a heavily convoluted 

peak.  Using titanium core shell peaks require extra effort as the Ti 2p peak and Ru 3p peaks have 

significant overlap in position close to a binding energy of 460 eV, and will require deconvolution. 

The exact thicknesses of the TiO2 overlayers on the SRO substrates displayed in Figure 35 

and Figure 36 are not known.  Below a thickness of about 10 nm, the XRR data becomes too noisy and 

the feature size was not easily distinguishable in cross sectional SEM.  In both cases, the film is expected 

to be less than 5 nm considering the attenuation of the Ru 3p intensity relative to Ti 2p. 
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Figure 35:  XPS of Amorphous TiO2/Amorphous SrRuO3. 

Fitting of the data was performed using all of the constraints on the Ti peaks listed above in 

addition to the area ratios of Ru 3p peaks.  Shirley background regions were as closely matched to those 

of the reference samples as possible while avoiding the Ti plasmon near 472 eV and the Ru plasmon near 

500 eV.  Fitted data for the Ru 3p 1/2 peak is not shown on the plots as it overlaps directly with the 

composite fitted curve in red.  Results were similar to earlier fitting attempts which held the FWHM of 

the Ru 3p 3/2 peak constant with the reference sample, but ignoring the Ru 3p 1/2 peak details of which 

can be found in Appendix C. 
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Figure 36:  XPS of Amorphous TiO2/Epitaxial SrRuO3. 

7.4  Discussion 

The FWHM of Ti 2p 3/2 reference peak in Figure 32 was 1.189, the FWHM of the same 

peaks for the capping layers of TiO2 in Figure 35 and Figure 36 were 1.307 and 1.294 respectively, an 

average broadening of 0.111 eV.  As stated previously, a physical interpretation of this value is not 

straightforward.  While peak broadening may be correlated to band bending, doing so quantitatively 

requires a parallel computational experiment.  The best reference point may be the result in Reference 

[155] above.  Similarly, the junction under examination is a wide bandgap semiconductor (SrTiO3) and a 

metallic oxide (LaAlO3).  In Figure 31, a 0.9 eV band bending offset is shown to produce a peak 

broadening of about 0.4 eV.  If a linear relation were to be assumed, it would suggest that the band 

bending in the TiO2/SRO junction would be on the order of 0.2 eV.  In reality, this would likely be an 

overestimate as SrTiO3 is more insulating than TiO2 so the need for charge compensation at the junction 

would be even greater for the STO/LAO. 

Despite the qualitative nature of the 0.1 eV peak broadening, confidence may be taken in the 

validity of the measurement for several reasons.  First, when alternative constraints were applied to the 

system as part of the effort to deconvolute the Ti 2p and Ru 3p peaks, the fitted data were all within a few 
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percent of the same 0.1 eV result.  Second, although the FWHM of the Ru 3p peaks were not constrained 

the FWHM ratios of the 3/2 to 1/2 peaks were monitored.  In both cases the FWHM ratios of the 

reference Ru 3p peaks and the sample Ru 3p peaks were very close; they were 1.16/1.20 for the 

amorphous SrRuO3 reference and sample, 1.08/1.12 for the epitaxial SrRuO3 reference and sample. 

7.5  Conclusions 

The evidence of slight band bending agrees with the idea of a truncation approximation 

where as layer thickness approaches zero, the less net charge transfer occurs29.  The degree to which 

charge is compensated through the saturation of some ‘bulk’ defect or surface state is unknown as defects 

and surfaces of amorphous materials cannot be easily characterized in the same manner as their 

crystalline counterparts. 

Because of the limitations of XPS, we cannot tell to what degree this band bending changes 

with the thickness of TiO2.  Even if we assume that the band edges of TiO2 will be pinned at the free 

surface such that the magnitude of the band bending remains constants, the strength of the resulting 

electric field from the interface would drop of increasing TiO2 thickness.  Given that the overall strength 

of band bending appears to be modest, a diffusion current to explain the results of Chapter 6 is likely 

more appropriate. 

If the opportunity were to present itself, this experiment should be repeated using a 

TiO2/SrVO3 heterojunction system.  SrVO3 (SVO) is a correlated metallic perovskite oxide with strong 

visible light absorption like SRO and is similarly epitaxially matched with both anatase TiO2 and STO59.  

The difference in carrier concentrations will be of a similar order of magnitude, but SVO forms an ohmic 

contact with TiO2 so the conduction band offsets will be smaller.  Peak measurement and fitting will be 

made significantly easier by the fact the V 2p peaks are near a binding energy of 515 eV, far from the Ti 

2p peaks at 460 eV. 
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APPENDIX A:  LIQUID PHOTOCATALYSIS REACTION CELL 

 
Figure 37:  Stainless steel base with six machine screws extending vertically. 
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Figure 38:  Teflon liquid cell body with liquid ports, top and bottom O-ring grooves, and light through hole 

above sample. 
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Figure 39:  Aluminum top clamp with light through hole centered above sample, and groove cut for quartz 

window. 
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APPENDIX B:  SOLAR SIMULATOR OPERATION INSTRUCTIONS 

 

1) Turn on the Ocean Optics spectrometer light source.  It should be left for a minimum of 
30 minutes to warm up before any experimental work may begin. 

2) Connect the pump outlet to the z-cell inlet.  Load a reservoir with DI water.  Begin 
flowing DI water through the system, peristaltic pump setting = 4.0, ensure flow is in the 
direction shown in Figure 25.  If significant dye remains in the system from the previous 
user, flush for as long as needed changing DI water every 15-30 minutes. 

3) Connect the Ocean Optics spectrometer to the computer by USB cable, Open the 
Spectrasuite software on the PC. Detailed information can be found in help files or the 
software manual. This procedure will only cover the changes necessary to complete an 
absorbance measurement. 

4) Adjust the integration time (~2,500 ms) so that the intensity of the peak of the spectrum 
is between 55,000 and 60,000. Saturation of the detector occurs at ~70,000 counts. 

5) To begin an absorbance measurement, click File => New => Absorbance Measurement. 
Click next. 
Input the previously determined integration time.  Click next. 
Click on the button to save the light reference. Continue to click the button until the 
spectra shown in the window does not change.  Click next.  
Block the light source by inserting a piece of metal into the slit on the light source. Click 
the button until the spectrum shown does not change. Click next. Click Finish.  Remove 
metal from slit. 

6) If not already done, mount the sample in the Teflon cell and assemble the cell.  Use a new 
small O-ring with each sample.  The large O-ring will need to be replaced ~ 20 sessions, 
if it is sticky or shows any residue, replace immediately.   

7) Fill a reservoir with a measured amount of methylene blue of known concentration. 
8) Empty the system by reversing the flow of the peristaltic pump (reverse). 

Mount the Teflon liquid cell in front of the condenser lens.  Connect liquid tubing and 
turn on the peristaltic pump (forward) with the MB reservoir connected. 
Check the system for any leaks. 

9) The data is not saved automatically, and can be set up using File => Save Spectrum.  To save the 
absorbance data, select the second line in the “Spectrum Source” box.  

10) If only the absorbance peak of methylene blue is required, a Strip Chart can be used to monitor 
the intensity of a single wavelength over time.  
a. Select the icon  
b. Select the second source listed  
c. The field for update is only for visual purposes on screen. The save interval is set later. 1 – 10 
seconds is usually sufficient for this field  
d. For “Range Selection,” select “One Wavelength” and type 665.03 into the box  
e. Select the “Auto-Save” tab  
f. Check the box to enable Auto-Save  
g. Enter the directory, filename and save interval  
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h. Click Accept 
11) Allow the system to run for two hours without the solar simulator to allow the methylene blue to 

equilibrate. 
12) Turn on the power supply for the solar simulator. 
13) Turn on the output power for the solar simulator. 

If the through hole is not entirely covered by the elliptical light source, move the liquid 
cell by the base until the hole is completely exposed. 
Let run for the desired time. 

14) After the experiment is over, stop data acquisition on the computer by closing the strip 
chart and absorbance spectrum. If finished, close the Spectrasuite program. 
Turn off the output power to the solar simulator.  Do not turn off the power supply until 
the cooling fan has turned off on the light source. 

15) Reverse flow to remove MB solution, remove the liquid cell.  Connect pump outlet to z-
flow as before.  Flush with DI water for 30 minutes to ensure any absorbed dye has been 
removed. Disassemble and clean liquid cell components with DI water. 

16) Ensure that the power supply has been turned off.  Turn off Ocean Optics power supply if 
not done so already. 
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APPENDIX C:  XPS CONSTRAINTS 

 

 


