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Abstract
Atomic Layer Deposition (ALD) was utilized to synthesize nominally undoped
titanium dioxide (TiO2) and a range of doped TiO2 films (Ti1-xO2:Mx) on quartz
substrates, separately accommodating aluminium, gallium, hafnium, silver, tin and
vanadium as nanolaminate dopants. The synthesized TiO2 and Ti1-xO2:Mx films
provided varying photocatalytic activities dependent on differing degrees of
crystalline morphology, Ti3+ concentrations and dopant used.
Nominally undoped TiO2 was mainly amorphous, showing only minimal evidence of
polycrystalline anatase structures and contained around 20 % Ti 3+, providing a time
to bleach (ttb) of 11 minutes 4 seconds ±35 seconds with respect to basic blue ink.
In comparison to the nominally undoped TiO2 film, only the Ti1-xO2:Agx (19:1) and
Ti1-xO2:Snx (19:1) films provided any photocatalytic improvement, recording basic
blue 66 ink ttb values of 6 minutes 4 seconds and 5 minutes 12 seconds ±1 minute
13 seconds, respectively. This near halving of the ttb previously observed for the
nominally undoped TiO2 film, probably originated from higher bulk Ti3+
concentrations (52 and 31 %) for the Ti1-xO2:Agx and Ti1-xO2:Snx films, respectively.
Additionally, a novel approach was utilized, through which the effect of Irish
hospital cleaning agents (Actichlor PlusTM, ChloraPrepTM, SteriCleanTM, and
Virusolve+TM) on the photocatalytic activity of both the commercially available
Pilkington ActivTM and ALD-grown Ti1-xO2:Snx films was examined. On different
cleaning agent treatment, the photocatalytic activity of both films was found to
decrease in respect to basic blue 66 and resazurin ink photodegradation, as well as
increasing water contact angle hydrophobicity under UV light irradiation. However,
the permanent damage to photocatalytic activity decrease was not incremental
after multiple treatments for the non-residue creating cleaning agents
(SteriCleanTM and Virusolve+TM) and cleaning agent treatment was shown to not
mechanically degrade film morphology. Furthermore, both the Pilkington ActivTM
and Ti1-xO2:Snx films showed inconclusive results for microbiological exposure with
a complex interplay between E.coli colony attachment and photocatalytic
destruction detected.

viii

Chapter 1. An introduction to ALD (Atomic Layer Deposition) of
doped titanium dioxide films for photocatalytic applications

TiO2, zinc oxide (ZnO) and tin dioxide (SnO2) are wide band gap (3-3.6 eV) [1-3]
semiconducting metal oxides undergoing activation through UV (ultraviolet) light
irradiation and are either typically utilized as photocatalytic surfaces or as various
functional layers in photovoltaic devices. UV light absorption in semiconducting
metal oxides generates exciton charged pairs through band gap electron excitation.
These excitons subsequently diffuse to surface regions and react with adsorbed
water or oxygen molecules, generating Reactive Oxide Species (ROS). ROS (hydroxyl
and superoxide radicals) further interact with surface contaminants or biological
species to provide photocatalytic effects, namely: self-cleaning, anti-fogging and
antibacterial properties. However, photocatalytic surfaces dependent on UV light
irradiation are not optimal, as UV light;


Lacks presence within indoor environments,



Occurs in minimal daylight concentrations (4-5 %),



Is a human health hazard [4].

Visible light utilization is therefore required to increase device and photocatalytic
surface efficiency, as well as providing increased utilization across varied indoor
(with negligible UV irradiation) and outdoor environments. Hospitals are a
particular

example,

presenting

significant

and

increasing

surface-based

antimicrobial resistance [5-7], but with the potential to provide antibacterial
degradation under light irradiation and TiO2 application [8]. However, utilization of
commercial UV light activated films is unsuitable due to human health concerns.
Surfaces and equipment coated with corrosion resistant, visible light active,
antimicrobial metal oxide coatings could provide microbial and dirt degradation
under visible light wavelength irradiation, assisting with microbial colony reduction
alongside normal hospital cleaning routines.
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All three semiconducting oxides (TiO2, ZnO and SnO2) possess potential conductive
and photocatalytic properties, however, this thesis focuses specifically on TiO2. TiO2
is a non-toxic and abundant material [9] with a large band gap (3-3.4 eV)
dependent on crystallization into three main polymorphs; anatase (tetragonal),
rutile (tetragonal) and brookite (orthorhombic) [10]. Anatase TiO2 possesses the
greatest photoactivity, growing at temperatures between 250 and 400 oC under
ALD conditions and consists of spherical upward protruding grains [11]. Rutile TiO2
possesses the greatest thermal stability, growing at temperatures < 400 oC under
ALD conditions and consists of flat, facetted grains [11]. Brookite TiO2 is less studied
through vapour deposition processes, but has been indicated to grow oblong and
elongated grains through sol-gel processes at similar growth temperatures to rutile
[12]. Below temperatures of 250 oC, amorphous TiO2 films are usually synthesized
through ALD [11].
TiO2 undergoes UV wavelength light activation, as initially indicated by Fujishima
and Honda in 1972 [13] and through subsequent correlation to photocatalysis by
Frank and Bard in 1977 [14, 15]. As of writing, commercial TiO2 photocatalytic
degradation under UV light wavelength irradiation can be observed from a range of
products, for example;


Pilkington ActivTM films, which are anatase TiO2 grown by Chemical Vapour
Deposition (CVD) [16].



Degussa (Evonik) P25TM powders, which are typically mixed 70 : 30, anatase
: amorphous/rutile TiO2 photocatalysts [17].

TiO2 also undergoes visible light photoactivation [18], with on-going research
focusing on development of reliable visible light TiO2 activation [19, 20]. Typically,
attempts to induce visible light activity focus on varying metallic [21, 22] and nonmetallic [19, 23] dopant incorporation, effectively decreasing band gap size though
mid-band gap state insertion. This originates either directly from dopants or
indirectly through charge compensating defect generation.
Furthermore, TiO2 also possesses n-type semiconductivity with naturally occurring
oxygen vacancies (VO..) providing excess electron density. Increased electron
2

density in the conduction band is also observed on UV light activation with excess
excited electrons assisting current creation [24]. TiO2 has therefore been studied
for numerous applications, resulting in: anti-fogging devices [25], biosensors [26],
Transparent Conducting Oxides (TCO’s) [27], Dye Sensitized Solar Cells (DSSC’s)
[24], antibacterial coatings [8] and self-cleaning surfaces [28, 29]. However, TiO2
film photocatalysis and conductivity are the focus of this research, and so are
discussed in detail below.
1.1 Photocatalysis
On illumination with light of wavelengths <410 nm, TiO2 valence band (filled oxygen
2p orbitals) electrons are excited by absorbed photon energies (equalling or
exceeding band gap energy). Excited electrons are energetically promoted across
the band gap to the conduction band (unfilled titanium 3d orbital) states, leaving a
hole within valence band states. Subsequently, both excited electron and hole are
bound as in identical molecular orbitals, creating an exciton (figure 1.1).

Figure 1.1: Light absorption and exciton generation [30]
Electron and hole band states within excitons undergo attraction through repulsive
electrostatic coulomb forces. These forces are generated by increased electron
concentrations surrounding an unbound charged pair and provide a lower energy,
increased stability state on exciton creation [31]. Automatic recombination is
subsequently hindered through resonance stabilization of overlapping charge pair
wave functions, extending exciton lifetimes [31]. Additionally, exciton constituents
can undergo dissociation into charge carriers to diffuse throughout TiO2 and
3

become trapped within surface groups and impurities [32, 33], or potentially
undergo radiative recombination resulting in relaxation and photon emission [34]
as shown in equation 1.1.

e-CB + h+VB → MOx + hν

Equation 1.1

However, both initial excitation and eventual recombination of charge carriers are
dependent on band gap size with absorption of light wavelengths ≤410 nm
resulting from the TiO2 crystal morphology. TiO2 also possesses either a direct or
indirect band gap (figure 1.2) typically between 3 and 3.4 eV dependent on
disparate crystalline morphologies;


Anatase: 3.2 eV (<387 nm) [1] and can be a direct or indirect transition [35],



Rutile: 3.0 eV (<410 nm) direct [1],



Brookite: within 3.1-3.4 eV and is either a direct or an indirect transition due
to limited consensus on possessed properties [1, 12, 36],



Amorphous: 3.37 eV [2].

Figure 1.2: Direct and indirect band gaps [35]
As established in figure 1.2, the indirect TiO2 anatase band gap requires phonon
momentum (phonon assisted transition) to complete exciton charge pair creation
through electron excitation across an electric dipole forbidden transition [35].
Phonon addition subsequently alters both energy and momentum of exciton pairs
during the transition, weakening both adsorption (requiring initial longer excited
electron lifetimes) and emission [35]. Excited conduction band electrons are also
unable to directly combine with valence band holes as both electron wave vectors
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differ at the conduction and valence bands, resulting in longer exciton lifetimes
[37].
Additionally, anatase TiO2 morphology is suggested to possesses the lightest
effective mass of electrons and holes as compared to rutile or brookite, increasing
exciton bulk to surface diffusion, whilst reducing recombination [37]. Alternatively,
the direct TiO2 rutile band gap generates increasing radiative recombination in
comparable time frames, resulting in greater recombination rates.
Typically, recombination effectively reverses charged pair generation with
electrons relaxing radiatively (emitting a photon) or non-radiatively (emitting a
phonon) to restore valence band states [38, 39], thereby reducing the TiO2
photoactivity. Energetically, recombination occurs at high mid-band gap state
concentrations in band gap regions, typically generated by intrinsic or extrinsic
defects [40-44]. In contrast, recombination physically transpires at TiO2 trapping
centres, namely; crystalline grain boundaries, intrinsic or extrinsic defects and
surface regions [45, 46]. Furthermore, in trapping centres (either shallow or bulk),
recombination is a quick process equating to; 1-10 ps and >20 ns for shallow and
deep traps, respectively [47].
However, charge pair diffusion towards surface regions results in trapping and/or
reactions with surface adsorbed water, hydroxyl and oxygen species, generating
hydroxyl [33, 48, 49] and superoxide [32] radicals (ROS) for photocatalysis (figure
1.3). In particular, holes can undergo transfer through either a surface trapped hole
species or hydroxyl radical formation [33, 48, 49].

5

Figure 1.3: Surface radical generation [32, 33, 48-53]
As indicated in figure 1.3, molecular oxygen acts as an electron scavenger
producing superoxide radicals (c) [32, 53], initiating absorbed water promoted freeradical chain reactions to provide hydroxyl radical formation (d) [51, 52]. Hydroxyl
radicals are also created through adsorbed water or hydroxide ion hole oxidation
(e), subsequently sourced from excitons.
Hydroxide radicals oxidize surface adsorbed organics (g) alongside molecular
surface oxygen. This ensures reactions with organic radical species (h) and direct
organic radical hole oxidation (f), eventually providing decomposition to simpler
organic molecules, water and carbon dioxide (under complete demineralization).
However, on replenishment of molecular oxygen, titanol (TiOH+.) surface groups act
as principal oxidizing agents [50].
For these reasons, photocatalysis is frequently described utilizing a Mars Van
Krevelen type mechanism (figure 1.4) [54-56], especially under oxygen deficient
conditions. In a Mars Van Krevelen type mechanism, the absence of surface
adsorbed oxygen generates lattice oxygen removal for radical initiation to
decompose surface adsorbed organics. The remaining surface VO.. undergo
replenishment by molecular oxygen or water surface adsorption. Comparatively,
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oxygen rich conditions typically favour using surface dissolved oxygen or water,
over Vo...

Figure 1.4: A simplified Mars Van Krevelen type mechanism [54-56]
Furthermore, two major competitions over excitons exist during photocatalysis
between varying reactions [57, 58]:


Exciton trapping versus recombination,



Interfacial charge transfer versus trapped species recombination.

This competition for increased exciton lifetime correlates to photocatalytic
efficiency with dissociation into strongly reducing/oxidizing conduction/valence
band electrons/holes (+0.5 to -1.5 V / +1 to +3.5 V vs a normal hydrogen electrode)
[30] and further reaction or recombination to produce ROS or photon emission.
Extended trapping lifetimes are observed for photogenerated excitons due to
defect states present in the TiO2 band gap. Therefore, increased photocatalytic
reaction efficiency results from improved free radical creation, similarly dependent
on a greater capability for longer-lived exciton generation.
Furthermore, surface species can also affect photocatalytic efficiency with both
adsorbed pollutant and surface hydroxyl radical concentrations determining
decomposition rate kinetics [59-61]. Specifically, diffusion/adsorption of water
molecules towards VO.. sites can also limit the reaction rate of hydroxyl radical
formation [62].

7

1.1.1 Antimicrobial photodegradation
Both surface absorbed microbiological species and organic compounds undergo
photocatalytic decomposition on reaction with surface free charge carriers and ROS
(f, g and h figure 1.3) [63]. Furthermore, surface water rinsing after photocatalysis
reconstitutes ROS, subsequently increasing decomposite removal through greater
water run-off from superhydrophilic effects [64, 65]. Greater water run-off also
assists in bacteria and biofilm surface adhesion prevention [64].
However, major bacterial decomposition mechanisms through surface ROS are
predominately speculative. Typically, the literature [66-68] agrees that ROS initially
damage cell membranes resulting in internal component leakage with further
oxidization by photocatalytic reactions and complete mineralization to CO2 and H2O
[66, 68, 69]. Contrastingly, different bacterial decomposition mechanisms or
greater mechanism specificity has been suggested by other researchers:


Matsunga [70, 71] observed respiration suppression through CoA enzyme
inhibition with membrane and cell wall damage through lipid peroxidation,
indicating a doubly-destructive effect.



Sunada [63] proposed a three step mechanism; an initial ROS attack of cell
walls, followed by creation of internal cytoplasmic membrane disorder and
subsequent bacterial cell death and decomposition.



Kubacka [72, 73] through researching bacterial gene difference on UV light
TiO2 photoactivation, suggested the following;
o Rapid cell inactivation at regulatory and signalling levels,
o Decreasing co-enzyme dependent respiratory chain concentrations,
o Decreased ability to assimilate and transport iron and phosphorus,
o Decreased capacity for heme (Fe-S cluster) group synthesis.
Additionally, bacterial shock and adaptability were also detected with
greater lipid production for cell membranes to compensate cell wall
disruption by hydroxyl radicals.



Hidaka [4] detected RNA damage through hydroxyl radical attack.



Multiple sources [74-79] showed potassium ion leakage with cell viability
decrease.
8



Multiple sources [77, 80-82] also indicated cell disruption resulting from
lipid peroxidation or direct oxidation by ROS.

Overall, greater TiO2 photocatalytic effectiveness in gram negative bacteria
decomposition results from different cell wall structure and thinner peptidoglycan
(figure 1.5).

Figure 1.5: Cell wall structure of gram positive and negative bacteria [83]
Typically, both the gram negative Escherichia coli (E.coli) and the gram positive
Staphylococcus aureus (S.aureus) undergo decomposition on TiO2 under UVA light,
as has been described previously [84-88]. Studies of bacterial colonies suggested
cell viability decrease with potassium ion leakage; however, E.coli underwent
greater cell decomposition with plasmolysis, intracellular vacuoles and cell debris
detected. Contrastingly, S.aureus colonies presented lower decomposition rates,
incorporating cytoplasmic membrane and peptidoglycan layer separation, as well
as cell distortion.
Another study [89], indicated similar results between E.coli and S.aureus
destruction with 100 % and 90 % bacterial inactivation indicated respectively after
UV irradiation for one hour on 1 gL-1 TiO2 nanoparticles. Additionally, S.aureus
colonies underwent 31 % inactivation under UV light irradiation alone indicating
both higher UV sensitivity and photoactive TiO2 resistance compared to E.coli (0 %
inactivation under UV light irradiation). Furthermore, gram positive Bacillus subtilis
9

(B.subtilis) and gram negative Pseudomonas aeruginosa (P.aeruginosa) also
underwent 100 % and 0 % inactivation respectively under identical conditions.
B.subtilis, similar to S.aureus, indicates high UV sensitivity (67 % inactivation),
however, P.aeruginosa, dissimilar to E.coli, indicates resistivity to photoactive TiO2
and UV light. Greater P.aeruginosa resistivity possibly originates from a thicker
outer membrane or “biofilm”. This outer membrane consists of an extracellular
polymeric substance, namely: 50-90 % high molecular weight polysaccharides and
protein compounds including minimal lipid, DNA and humic substances. However,
increased UV light intensity or exposure time could potentially destroy biofilms and
inactivate bacteria [90].
Additionally, UV light independently possesses antimicrobial properties and is
utilized for sterilization [4]. In particular, UV-C (100-280 nm) is utilized in
sterilization, being absent from natural environments due to the ozone layer.
However, TiO2 films are typically photo-activated by UV-A (315-400 nm) exposure,
with UV-A occurring naturally and generating minimal bacterial cell damage.
Negligible UV-A also exists in indoor environments containing increased human
pathogen levels (hospitals). For effective continual photocatalytic sterilization to be
introduced in these environments, developing highly active TiO2 through varying
crystallinity or defect/dopant addition towards visible light utilization is a priority.
1.2 Crystallinity
TiO2 crystallinity indicates varied effects on photocatalytic ability. Anatase is the
most photocatalytically active polymorph [91-93], resulting from superior exciton
charge pair mobility (reducing radiative recombination) and increased surface
hydroxyl density (figure 1.6). Comparatively, the photocatalytic activity of rutile is
restricted due to higher recombination rates and decreased surface hydroxyl
density [94]. Additionally, surface Ti-O-Ti bonding undergoes hole attack in both
anatase and rutile morphologies, with anatase typically forming hydroxyl radicals
from water. However, rutile typically absorbs another trapped hole and forms Tiperoxo (Ti-O-O-Ti) surface groups to subsequently generate hydroxyl radicals from
water (figure 1.6) [95].
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Figure 1.6: Hydroxyl radical generation on anatase and rutile TiO2 [95]
Radiative recombination also occurs in rutile as a result of its direct band gap
(figure 1.2), providing increased charge carrier/exciton recombination without
requiring phonon absorption, dissimilar to anatase. However, a majority anatase
and minimal rutile polymorph mixture is believed to produce the best
photocatalytic activity through band gap combination [96, 97]. Correspondingly,
Nakajima [98] confirmed greater luminescence efficiency for a combined anatase
and rutile morphology, compared to single crystal rutile TiO2. A combined anatase
and rutile morphology leads to excited anatase conduction band electron trapping
in an energetically lower rutile conduction band, combating recombination by
extending excited electron lifetimes.
Comparatively, brookite has not been so thoroughly studied for contrasting
photoactivity, with alternative TiO2 polymorphs [99] showing negligible
photocatalytic activity. Amorphous TiO2 also indicates negligible photocatalytic
activity [30] from TiO2 structure randomization, thereby decreasing exciton charge
pair mobility, whilst increasing deep trapping states for recombination.
1.3 Defects
In the previous sections, completely crystalline or amorphous, pure TiO2 film
generation was considered. However, in reality, TiO2 film composition possesses
greater complexity with crystallographic, intrinsic and extrinsic defects altering the
TiO2 properties from those of the assumed “ideal” TiO2 film.
11

Defect concentrations (Ndefects) and associated available defect sites (Nsites) are both
dependent on change in formation energy (ΔEf) as shown in equation 1.2, with
greater defect concentrations at equilibrium resulting from lower energy
requirements [100, 101]. Additionally, lattice formation energies influence defect
equilibrium concentrations and therefore the subsequent metal and oxygen
chemical potentials with the individual chemical potentials being dependent on
metal or oxygen rich growth conditions [100].

Ndefects/Nsites = exp(-ΔEfm/kBT)

Equation 1.2

However, in contrast to the particular ZnO study, TiO2 films naturally (synthesisdependent) possess greater VO.. concentrations as primary defects through oxygen
diffusion mechanisms and incorporate minimal titanium interstitials (Tii….),
producing n-type semiconductivity [102-104].
Correspondingly, lower intrinsic and extrinsic defect concentrations energetically
assist activation and diffusion processes by providing mid-band gap defect states
for electron trapping, decreasing TiO2 recombination rates [105]. Contrastingly,
excess intrinsic and extrinsic defect concentrations assist recombination through
increased mid-band gap defect state generation. This effectively creates a lower
energy system suitable for faster recombination rates [106], and suggests a
possible optimal defect concentration.
Furthermore, the defect spatial distribution also affects activation and
recombination processes. Surface defects improve activation through trapping
dissociated excitons and therefore initialize reactive oxidizing species generation.
However, bulk defects escalate recombination by providing deep excition trapping
centres subsequent to bulk-surface diffusion [107]. Contrastingly, crystallographic
defects provide intrinsic and extrinsic defect agglomeration [108, 109] resulting in
voids or precipitates, increasing recombination.
1.3.1 Crystallographic defects
Crystallographic defects include grain boundaries, which induce negative effects on
TiO2 film properties [110, 111]. Grain boundaries are boundaries between
12

crystalline grain growth phases, known as notorious recombination centres [11,
112] with deep trapping effects for diffusing charge carrier pairs and dopant ions.
Dopant ions (extrinsic defects) can diffuse throughout doped TiO2 films and tend to
precipitate as dopant oxides at grain boundaries, especially following film
annealing, further distorting electrical and photocatalytic properties. Grain
boundaries are also indicated to “deflect” charged ion diffusion away from film
surfaces, increasing deep recombination [109].
Although not technically “crystallographic” defects; amorphous regions within
crystalline TiO2 films also distort charge carrier diffusion and contain increased
intrinsic defect concentrations to provide deep traps, thereby increasing
recombination rates [113].
1.3.2 Intrinsic defects
Intrinsic defects are associated with pure TiO2 film elements, namely: titanium
vacancies (VTi,,,,), Tii… and VO.., resulting from imperfect TiO2 film growth. Typically,
oxygen deficient growth conditions generate Tii... (titanium ions situated between
TiO2 lattice atoms) and VO.., whereas VTi,,,, creation occurs during oxygen-rich
synthesis.
Increasing annealing or growth temperatures, increases VO.. and Tii… concentrations
through oxygen diffusion loss [30, 105], producing reduced TiO2 (Table 1.1). Oxygen
diffusion results in a bulk to surface gradient, replacing lost surface oxygen and
generating subsurface VO...
Average annealing temperatures
<400 oC

>400 oC

>700 oC

>1000 oC

Surface

TiO2

TiO2-x (Ti3+)

TiO

Ti

Subsurface

TiO2

TiO2-x (Ti3+)

TiO2-x (Ti3+)

TiO

Bulk

TiO2

TiO2

TiO2-x (Ti3+)

Ti1+xO2

Table 1.1: Oxygen diffusion loss with increasing anneal temperature [114]
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In Table 1.1, TiO2 lattice structure undergoes degradation on increasing annealing
temperatures and continual surface oxygen loss. Tii… (Ti1+xO2) are also generated on
surface to bulk titanium ion diffusion (subsequently increasing the Ti:O ratio at the
surface regions). Oxygen interstitials (Oi,,) can also be generated, but are unstable
within TiO2 lattices and diffuse out at increased temperatures.
Additionally, defect state (F-centre) recombination results in specific wavelength
emission, as detected through photoluminescence. Jin [115] detected 600 nm (red)
and 515 nm (green) emissions from anatase TiO2 photoluminescence, correlating
VO.. to the green emission and reduced Ti3+ ions to the red emission. An increase in
green emission was subsequently detected on annealing in an oxygen deficient
atmosphere.
Previously, Mathew [116] assigned the 534 nm emission to VO.. with two emission
categories: 421, 491, 573 nm for lower Ti3+ 3d vibronic state relaxation to deep trap
states and 533, 612 nm for lower VO.. vibronic state in relation to the ground state.
Also, Abazovic [117] suggested 2.8, 2.7, 2.56 and 2.34 eV as shallow trap states,
and associated emissions equated to VO.. in various anatase and rutile mixed phase
films. Furthermore, VO.. states in TiO2 would decrease overall band gap energy,
providing potential visible light wavelength absorption.
A combination of several studies [40, 41, 44] generates a TiO2 band gap defect
energy level diagram (figure 1.6), indicating shallow VO.. and Tii… (0.89 and 0.78 eV
respectively) and deep trapping VTi,,,, (1.15-1.44 eV) defect positions. Shallow
defects stabilize exciton charge carriers near film surfaces, providing active sites for
hydroxyl radical generation. In contrast, deep defects trap excited electrons,
increasing recombination. Therefore oxygen deficient synthesis conditions seem
beneficial towards TiO2 film generation within surface diffusion regions producing
VO.. and Tii…. However, initial TiO2 film synthesis possibly requires oxygen
concentration parity to remove spatially deep defects beneath surface diffusion
distances, removing deep trapping recombination centres from any potential
defect source.
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Figure 1.7: TiO2 band gap defect energy level diagram [40, 41, 44]
Additionally, the excess electron density around a VO.. between two Ti4+ atoms
generates Ti3+ centres (equation 1.3). Both Ti3+ and VO.. create mid-band gap states
(figure 1.7) [118], effectively decreasing overall band gap size, but increase
recombination in greater densities.

Oo ↔ VO.. + ½O2 (g) + 2e- , 2Ti4+ + 2e- → 2Ti3+

Equation 1.3

The presence of VO.. in significant densities introduces mid-band gap states 0.4-1.18
eV beneath the TiO2 conduction band [105, 119, 120] (figure 1.7). Ti3+ centres
created by excess electron redistribution [121], also result in shallow conduction
band donor states with a continuum of states around conduction band energies in
highly deficient anatase [122]. Both VO.. and Ti3+ centres effectively decrease the
overall band gap size for >378 nm light wavelength absorption, subsequently
increasing photocatalytic activity through visible light excitation of electrons to
conduction band states. Additionally, greater excited electron density can further
increase Ti3+ concentrations or create greater surface ROS.
Geometrically, the presence of VO.. results in a lattice contraction [123, 124] with
titanium atoms relaxing away from vacancies, strengthening lattice bonding.
Surface VO.. provide excess electron density generating favourable oxygen and
dissociated water absorption conditions [125-127]. VO.. are oxidized by adsorbed
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oxide species undergoing subsequent reduction to one superoxide and two
hydroxyl radicals per VO.., improving photocatalytic reactions.
However, bulk TiO2 VO.. serve as photoinduced exciton recombination centres,
reducing photocatalytic activity [128]. Conflicting literary opinions exist as to
whether VO.. predominately act as recombination centres hindering [129-131] or
trapping centres facilitating [132, 133] charge separation and exciton synthesis for
both photovoltaic and photocatalytic properties.
Surface defects are suggested to provide absorption sites and exciton charge pair
traps with charge transfer to absorbed species helping to prevent recombination
[107, 134]. However, surface VO.. are unstable to oxidation with atmospheric
oxygen absorption on excessively negatively charged surfaces. This absorption is
provided by surface/subsurface photo-excited electrons or VO.. (-0.94 eV or -2.52
eV) [126], slowly regenerating oxygen under ambient atmospheric conditions.
Water molecule adsorption and dissociation can also occur on VO.. associated
defective sites [125], synthesizing two hydroxyl groups from one vacancy.
Contrastingly, bulk VO.. trap [107, 129, 131, 134] exciton charge pairs leading to
recombination, and are generated through dopant or impurity charge
compensation. Therefore an oxygen deficient film (possessing higher V O..
concentration) is only desirable within exciton surface diffusion distance to prevent
greater recombination rates.
It is therefore apparent that the optimisation of VO.. concentration would result in a
controlled recombination

and

charge transfer dominance. Optimal

VO..

concentrations would provide shallow donor states, to reduce the overall band gap
and increase excited electron trapping rate. Beyond optimal amounts or with deep
donor state presence, recombination processes dominate [105] and are favoured
through greater excited electron concentrations possessing energies closer in
proximity to the valence band.
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1.3.3 Extrinsic defects
Intrinsic defects are usually incidental and created by varying environmental or
synthesis stressors. In contrast, extrinsic defects are composed of disparate
elements incorporated into host matrices. Extrinsic defects are either;


Impurities, undergoing accidental addition during film synthesis and are
commonly carbon or nitrogen from precursor ligand decomposition, or



Dopants, purposefully added impurities in minimal amounts.

Extrinsic defects can potentially improve; light absorption [135-137] electronic [14,
94, 138] or chemical [61, 139, 140] properties. Additionally, extrinsic defects can
greatly vary TiO2 film properties and are location dependent in surface, shallow or
deep bulk regions [42]. Extrinsic defects (similar to intrinsic defects) possess
advantages and disadvantages in relation to photocatalysis which are dependent
on specific defect; ionic radii, charge, oxide band gap, concentration and inclusion
type (substitutional or interstitial) [19, 141].
As discussed, TiO2 presents a matrix predominately consisting of Ti4+ and O2- ions
with associated intrinsic defects (frequently naturally occurring VO..) in amorphous
TiO2 or a crystalline (anatase, rutile or brookite) TiO2 polymorph. Titanium (IV)
presents an octahedral environment ionic radii of 74.5 pm (Ti4+), increasing on
electron addition to 81 pm (Ti3+) and oxygen presents ionic radii of 126 pm (O2-)
[142]. TiO2 band gap also varies (3-3.4 eV) dependent on morphology, therefore
photocatalytic activation typically proceeds by utilizing light wavelengths
possessing energies greater than or equal to the band gap possessed by the
material (corresponding to 387 nm for anatase TiO2).
Extrinsic defect addition into a TiO2 lattice can therefore occur through either
substituting Ti4+ or O2- ions resulting in MTi or MO sites, or interstitial insertion
between ions by lattice O2- to create Mi sites. However, Hume-Rothery
solubilisation rules [143, 144] define extrinsic defect (solute) incorporation to a
TiO2 lattice (solvent) similar to generating a solid solution with final concentrations
dependent on specific extrinsic defect properties. For substitutional extrinsic defect
addition, Hume-Rothery rules are:
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A ≤15 % disparity in ionic radii size,



An identical oxide crystal structure,



Similar electronegativities and valences between the defect and the
substituted ion.

Similar electronegativity and valency rules also apply on interstitial extrinsic defect
addition, alongside the possession of smaller extrinsic defect ionic radii than the
TiO2 interstitial lattice sites. Furthermore, extrinsic defects can also undergo both
substitutional and interstitial incorporation into TiO2 lattices. X-ray Photoelectron
Spectroscopy (XPS) is able to separate disparate additions, as indicated in TiO2-x:Nx;
substitutional N2p (0.14 eV) and interstitial N-O π* (0.73 eV) [145].
Hume-Rothery rules define extrinsic defect concentration limits in a single
homogeneous phase prior to TiO2 lattice distortion. Incorporation of extrinsic
defects with larger ionic radii generates strain in TiO2 lattices, increasing distortion
[145] and potentially also crystalline defect concentrations. Contrastingly, the
probability of interstitial extrinsic defect addition increases with reduced ionic radii
size, but subsequently accumulates greater intrinsic defect generation [146].
Optimal extrinsic defects (dopants) would therefore align with only a ≤15 %
disparity in ionic radii and assume minimal lattice strain generation for crystalline
integrity.
Additionally, Hume-Rothery rules also dictate valency disparity between typically
charged extrinsic defects. Greater aliovalent (n/p-type) defect charge difference
results in a lower solubility amongst nominally undoped TiO2 lattice ions:


Aliovalent defects:
o n-type: possess increased charge and provide excess electron
donation on substitution into TiO2, producing states beneath the
TiO2 conduction band.
o p-type: possess decreased charge and provide excess hole donation
on substitution into TiO2, generating states above the TiO2 valence
band.



Isovalent defects result in no excess charge carrier addition.
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Extrinsic defect incorporation therefore potentially introduces mid-band gap states
into TiO2, effectively decreasing the overall band gap size. Subsequently, band gap
reduction could generate TiO2 photoactivation with >387 nm light wavelengths,
increasing photocatalytic efficiency within natural and artificial environments
under visible light [60, 137, 147-149]. As an example, transition metal doping can
generate mid-band gap d-orbital energy states, providing an absorption red shift
[43]. However, transition metal dopant addition can also generate:


Burstein-Moss effects [150, 151], resulting in lowest conduction band state
occupation by dopant electrons, blocking low energy transitions and
expanding overall band gap sizes.



Increased exciton pair recombination rates and secondary defect
generation after titanium site substitution, lowering TiO2 photocatalytic
activity despite typically optimal dopant concentrations [152-154].

Additionally, Bloh [155] suggested 0.01-1 % optimal concentration for any metallic
dopant with resulting Ti1-xO2:Mx photocatalytic improvement dependent on particle
size or film thickness and not on specific dopant oxide properties. Therefore,
beyond 0.01-1 % concentrations, metallic dopant solubility begins to vary with
dopant properties providing detrimental effects on photocatalytic activity. Further
solubility also begins to vary, blocking active photoreaction surface sites and
decreasing photocatalytic activity [30].
Regardless,

aliovalent

dopant

addition

generates

charge

compensation

mechanisms relative to both dopant concentration and charge difference between
dopant and replaced lattice ions. Charge compensation neutralises overall lattice
charge through defect formation. Aliovalent dopants possessing decreased positive
charge versus substituted ions (Ga3+ substituted for Ti4+) generate VO... However,
aliovalent dopants possessing greater positive charge versus substituted ions (V5+
substituted for Ti4+) generate VTi,,,, (equation 1.4).

Ti4+ + Ga3+ + 4O2- + ½VO.. = Neutrality
2Ti4+ + 3O2- + N3- + ½VO.. = Neutrality
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Ti4+ + V5+ + 4O2- + ¼VTi’’’’ = Neutrality
2Ti4+ + 3O2- + F- + ¼VTi’’’’ = Neutrality

Equation 1.4

Multiple oxidation state dopant addition possesses favourable transition through
photoinduced reduction, and can also result in VO.. stabilization to retain
photocatalytic activity. Photoinduced reduction; Fe3+ to Fe2+ (equation 1.5)
provides a recombination pathway and indicates active metal reduction with
excess VO.. [156].

FeIII2O3 → 2FeIITi + 3OO + VO = Neutrality

Equation 1.5

Additionally, nominally undoped TiO2 naturally possesses low VO.. concentrations.
This suggests that charge compensation requires decreased n-type or increased ptype (to overcome initial n-type nature) dopant addition before reaching an
optimal limit.
Furthermore, increasing strain or defect concentrations can also promote anatase
conversion into increasingly stable rutile morphology at suitable temperatures. The
anatase to rutile transition (ART) [110, 157-159] differs with charge compensating
vacancy generation on disparate aliovalent dopant addition into TiO2 lattices.
Dopant cations below a +4 oxidation state accelerate ART, providing a VO.. creation
mechanism and subsequently enhance atom transport in anatase morphologies
accelerating phase transitions [160]. Comparatively, dopant cations above +4
oxidation states decelerate ART through generating Tii…. and suppressing atomic
transport [146]. Annealing TiO2 also naturally accelerates ART though oxygen ion
removal via diffusion and subsequent VO.. creation [161, 162].
1.4 Single dopant systems
In this section a non-exhaustive review of specific dopants undergoing
incorporation into TiO2 films and subsequent variation in photocatalytic activity is
discussed.
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1.4.1 Metals
Previous research into TiO2 films with metallic dopants (M) is discussed here in
terms of both theories of dopant addition (as described in further detail in chapter
2) and the resulting properties. These theories are namely; metal ion addition
through either; direct substitution of a titanium site (MTi) or interstitial insertion
(Mi) into the TiO2 film, or metal oxide formation (MOx) in a nanolaminate layer.
Initially, dopants and doped TiO2 materials similar to those utilized within this
research are described below.
For aluminium doping, several studies [163-166] indicate Al3+ (67.5 pm) undergoes
either interstitial (Ali…) or substitution (AlTi,) doping into a TiO2 film with associated
charge compensating VO.. creation. Literature reports of Ti1-xO2:Alx photocatalytic
activity are inconsistent, with both increasing and decreasing activity indicated,
depending on variable synthesis procedures and aluminium concentrations.
Choi [45] initially reported decreased Ti1-xO2:Alx photocatalytic activity compared to
nominally undoped TiO2. However, further studies by Navas and de los Santos [167,
168], Liu [169] and Murashkina [170] reported greater photocatalytic activity
(phenol/dye degradation). Whereas Gesenhues [171], Maeda [172] and Paulauskas
[173] all reported decreased photocatalytic activity, in contrast to nominally
undoped TiO2. Photocatalytic activity suppression was indicated independent of
Al2O3 concentrations across the range of 1-8 mol% [171]. However, concentrations
of 0.1-1 mol% were found to be optimal as indicated for any metal dopant under
theoretical modelling by Bloh [155], providing greater photocatalytic activity.
Similar optimal dopant values were also observed alongside photocatalytic activity
increase in Ti1-xO2:Alx [167-170]. This suggested that photocatalytic activity was
independent of aluminium doping with charge compensating V O.. generation
providing increased photocatalytic activity. Furthermore, photocatalytic activity
suppression was subsequently detected at greater aluminium concentrations [171173].
Therefore, it is believed suppression of photocatalytic activity results from Al3+
acting as deep traps [45], capturing electrons or holes prior to surface migration.
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Al3+ also adopt an uniform distribution by diffusing throughout Ti 1-xO2:Alx films
[164]. Additionally Al2O3 possesses a 6.4 eV band gap suggesting mid-band gap
states within Ti1-xO2:Alx originate from charge compensating VO... Aluminium doping
is also suggested to reduce ART [174] with lower rutile growth rates subsequent to
Al3+ incorporation from decreased TiO2 precursor chemisorption [164]. Overall,
previous studies of Ti1-xO2:Alx suggest photocatalytic activity suppression from Al3+
as deep traps in Ti1-xO2:Alx lattices.
Similarly, gallium doped systems could utilize a nanolaminate Ga2O3 system, with
Ga2O3 possessing a 4.9 eV band gap [175], suggesting UV light photocatalytic
activity [176]. However, minimal direct reduction may be observed on Ti1-xO2:Gax
generation, with charge compensating VO.. creation expected to decrease the Ti1xO2:Gax

band gap size. In the literature, Banerjee [177] synthesized Ti1-xO2:Gax

nanoparticles, which generated 90 % Rhodamine B dye degradation over three
hours UV irradiation. VO.. mid-band gap states and exciton trapping centres were
further indicated in Ti1-xO2:Gax nanoparticles through the presence of surface Ti3+
and titanol (Ti-OH) groups. These groups resulted in improved UV photocatalytic
activity, in comparison to nominally undoped TiO2 nanoparticles. Additionally, GaTi’
generated strain in Ti1-xO2:Gax nanoparticles despite minimal ionic radii disparity
(Ga3+: 76 pm).
Liu [178] synthesized Ti1-xO2:Gax powders providing methyl orange photocatalytic
decolourization under visible light irradiation through absorption by mid band gap
states formed from charge compensating VO.. [179]. Additionally, Ga3+ are believed
to act as electron traps, enhancing exciton generation and stabilization, and
increasing surface hydroxyl group Ti1-xO2:Gax concentration across the range of x =
0.01-0.06. Furthermore, greater Ga3+ concentrations resulted in decreasing
photocatalytic activity with excess Ga3+ acting as recombination centres [180, 181].
In summary, Ti1-xO2:Gax is expected to show increased photocatalytic activity
resulting from secondary VO../Ti3+ defect creation on minimal gallium incorporation,
with Ga3+ inclusion enhancing excition generation and hydroxyl concentrations.
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Hafnium is yet another dopant researched within this study. Hafnium possesses a
dominant +4 oxidation state and 85 pm Hf4+ ionic size, synthesizing hafnium dioxide
with a subsequent 5.3-5.7 eV band gap. As a nanolaminate dopant in Ti1-xO2:Hfx
possessing an identical oxidation state and increased size in contrast to Ti4+, HfTi
formation could result in negligible charge compensating defect concentrations and
significant lattice strain.
Fang [182] described a lowering of photocatalytic activity, compared to undoped
TiO2, with mixed Ti1-xO2:Hfx anatase/amorphous morphologies. Furthermore, VO..
were undetected, indicating consistent harder and denser film generation with
better band gap stability (immobile conduction and valence band states) on
hafnium doping [183, 184]. Contrastingly, Meng [185] suggested visible light
photocatalysis, resulting in water splitting, with band gap red shift (2.65 eV)
occurring on mixed oxide (TiHf2O6) generation.
Overall, minimal research into Ti1-xO2:Hfx for photocatalytic activity improvement is
detected in literature, with only Meng [185] indicating increased TiO2
photocatalytic activity.
Silver doped TiO2 (Ti1-xO2:Agx) film synthesis was also attempted in this research
with silver frequently generating a stable Ag+ oxidation state to create Ag2O.
Structurally, Ag2O possesses cubic crystallinity with a 1.46 eV band gap, suggesting
possible visible light wavelength absorption and therefore potential mid-band gap
state creation on doping into TiO2. However, similar to copper (below), transitions
to and mixing with the filled Ag 4d-orbital may be difficult. Ag+ possesses almost
double the ionic radii (129 pm) of Ti4+, suggesting AgTi,,, would cause significant
strain and excess grain boundary formation, if substitution occurs outside HumeRothery solubilisation rules [144]. Significant charge compensation defects could
also result from substitutional doping due to charge variation between Ag + and Ti4+
ions.
In TiO2, silver can trap electrons [186], delaying exciton recombination through
interfacial charge transfer, thereby producing greater concentrations of surface
hydroxyl radicals [187] and decreasing recombination [186, 188]. Increased surface
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TiO2 bridging complex weakening is also detected with silver ions encouraging ART
during film growth [189] and band gap extension to visible light ranges [186, 190,
191], both of which increase the photocatalytic activity. Additionally, greater
excited electron lifetimes could potentially occur from silver surface plasmon
resonances, [187] further increasing hydroxyl radical generation or recombination.
Surface plasmon resonances fundamentally result from TiO2 incident light
absorption near a colloidal silver nanoparticle and energy interaction with free
metal electrons, generating oscillating electric fields. These electron field
oscillations then resonate with the incident light altering the silver nanoparticle
electrical field distribution. In turn a local field effect can be propagated, resulting
in greater excited electron lifetimes.
Additionally, silver possesses antimicrobial properties with silver ions binding to
thiol groups in enzymes causing deactivation [192, 193]. Silver also binds to cell
membranes [192], causing transmembrane energy generation and ion transport
disruption [194]. Silver ions also catalyse oxidation reactions, generating excess
water and disulphide bond formation [195]. Yamanaka [193] showed silver ions
bound to 30S ribosomal subunit proteins and succinyl coenzyme A synthease
prevented protein translation and ATP/energy production for cell respiration,
eventually resulting in death.
Ti1-xO2:Snx films were also synthesized within this research, with tin capable of
doping TiO2 via two potential ions; Sn4+ and Sn2+. However, Sn4+ is typically utilized
on account of a similar oxide crystal structure and an electronically lower energy
conduction band [196]. Nevertheless, physically substituting larger tin ions (Sn2+:
136 pm and Sn4+: 83 pm) into Ti4+ sites (SnTi) increases the lattice cell volume. Sn4+
substitution retains an anatase morphology, but induces lattice deformation and
distortion, thereby increasing surface defect concentrations [145, 197] and
consequently varies photocatalytic activity. However, opinion varies on the extent
of lattice deformation resulting from Sn4+ concentration with Harunsani [198]
suggesting lower tin concentrations hinder anatase formation and Duan [145]
observing no structural variation under 1% incorporation.
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Furthermore, greater strain and charge compensation defects would assumedly
occur on Sn2+ substitution with greater surface Sn2+ sites detected on increasing tin
incorporation [198, 199].
SnO2 also possesses a similarly sized 3.6 eV band gap (as TiO2) with a conveniently
lower energy conduction band (-0.34 and 0.07 eV respectively, versus a normal
hydrogen electrode) [200]. This facilitates excited electron transfer between the
TiO2 and SnO2 conduction bands and reverse hole transport between the valence
bands (Equation 1.6).

(TiO2)e-CB → (SnO2)e-CB , (SnO2)h+VB → (TiO2)h+VB

Equation 1.6

Excited charged carrier transfers into the conduction band of SnO2 or mid- TiO2
band gap Sn4+ states subsequently increases both the charge carrier trapping and
lifetime. This simultaneously generates decreased band gap size (red wavelength
absorbance shift) [197] and greater ROS concentrations, improving photocatalytic
activity. In particular, excited electrons in the SnO2 conduction bands capture
oxygen molecules, generating superoxide radicals and accelerating charge carrier
separation [197]. Additionally, strong Sn(4+/2+) 5s hybridization with O 2p states and
Sn 5s/5p lone pair states also provide antibonding states above Ti1-xO2:Snx valence
band energies capable of inducing visible light activity [198, 201]. However, if
optimal Sn4+ concentrations (2-3 %) are exceeded, greater Ti3+ and Sn2+ site
formation is instigated. This decreases surface hydroxyl concentrations [196, 200]
with lower tin concentrations also resulting in photocatalytic activity inhibition
[199]. Photocatalytic activity therefore significantly improves with tin doping [202]
and Ti1-xO2:Snx has been used in the degradation of:


Malachite green dye [197], directly oxidized through photogenerated
valence band holes.



Methylene blue [201] under visible light irradiation after surface Sn4+ to Sn2+
conversion.



Methyl orange under both UV and visible light irradiation [199].

25



4-chlorophenol [203] under UV light, with 6 mol% SnO2 showing maximum
photocatalytic activity,



Penicillin [200].

Additionally, Sn4+ incorporation potentially increases photocatalytic activity by
inducing rutile crystallite formation [200]. This encourages both mixed
anatase/rutile TiO2 morphology growth, and catalytically improved anatase
crystallization with little or no variation in grain size [204]. However, Sn4+ doping
also removes the natural TiO2 oxygen deficiency on annealing, subsequently
decreasing Ti3+ defect concentrations [198] and therefore associated photocatalytic
activity.
Overall, Ti1-xO2:Snx is expected to garner greater photocatalytic activity as
compared to nominally undoped TiO2 with decreasing effective band gap size
towards visible light absorption and greater surface ROS concentrations.
Vanadium, namely as V4+ was also utilized as a dopant for synthesizing Ti1-xO2:Vx
films in the research presented here. Vanadium possesses three main oxidation
states; V+3, V+4 and V+5 typically appearing in three disparate oxides: V2O3, VO2 and
V2O5 respectively. Each oxide typically possesses different band gap sizes; 0.6,
0.6/2.4 and 2.3 eV, morphology; corundum, rutile/monoclinic and orthorhombic
and ionic size; 78, 72 and 68 pm (octahedral), respectively. Therefore, Ti1-xO2:Vx film
synthesis would suggest:


Negligible strain generation on substitutional doping from comparable ionic
radii.



Potential mid band gap state creation on charge compensation from V3+ or
V5+ incorporation leading to decreased overall band gap size. However, V4+
substitutional doping would not be expected to generate charge
compensation defects.

Choi [45] suggested increased photocatalytic activity from Ti1-xO2:Vx in contrast to
nominally undoped films. Shen [205] subsequently observed a 55 nm absorption
wavelength red shift into visible light regions with Ti1-xO2:Vx synthesized by liquid
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injection ALD. For Ti1-xO2:Vx, photocatalytic activity increased 400-500 % with
methylene blue degradation rate compared to nominally undoped TiO2. 5 and 10
atm% doping concentrations with V4+ substitution for Ti4+ was detected with no
resulting charge compensation defects. Doping also reduced the band gap through
V4+ 3d orbital and TiO2 conduction band overlap with V4+ favouring charge pair
separation.
Overall, Ti1-xO2:Vx suggests promise for increasing TiO2 film photocatalytic activities,
especially under visible light irradiation. Further research is required into variances
between disparate vanadium oxidation states on doping, especially V4+ stabilization
with respect to dissociation.
Additional dopant and dopant systems reviewed below are not subsequently
studied in the research presented here. Despite this, these dopants and doped TiO2
materials are included to round out the overall picture of research present within
the literature.
Niobium possesses a dominant +5 oxidation state generating orthogonal Nb2O5
during nanolaminate TiO2 film doping [206]. Nb2O5 maintains a 3.3-3.4 eV band gap
[207, 208] suggesting mid-band gap state generation originating from VTi,,,, defect
charge compensation. Burstein-Moss effects are also detected in Ti1-xO2:Nbx films
to provide a band gap increase (3.49-3.56 eV) [112] [209].
Nb2O5 easily undergoes reduction to NbO2 (+4, distorted rutile structure) or NbO
(+2, defective rock salt structure), possibly through oxygen diffusion during
annealing. However, Nb5/4+ substitution into a Ti4+ site (NbTi.) would incorporate
strain from greater ionic radii 78/82 pm respectively, as compared to Ti4+. So on
speculation, Nb4+ substitution would show the greater promise for doping than
Nb5+, with potential provision of minimal strain and a 0.5-1.2 eV NbO2 band gap
[210, 211].

Therefore, NbO2 inclusion suggests possible mid-band gap state

creation on without charge compensation defects. However, as the time of writing,
no Ti1-xO2:Nbx photocatalytic analysis has been performed suggesting a potential
future research avenue.
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Tantalum maintains a dominant +5 oxidation state (78 pm) generating Ta2O5, which
can be produced as either one of two existing orthorhombic polymorphs, and could
provide a band gap of 3.8-5.3 eV [212, 213]. Direct TiO2 mid-band gap state
creation is therefore unlikely, but could indirectly occur through charge
compensation defect formation. In contrast, theoretically calculated 2.3-3.8 eV
band gaps [214, 215] suggest potential mid-band gap state creation with minimal
strain for TaTi.. At the time of writing, no Ti1-xO2:Tax film photocatalytic analysis has
been performed [216].
Chromium possesses multiple oxidation states; +2, +3, +4 and +6 and therefore
multiple d orbital states having energies within TiO2 band gap regions. Frequently
observed, corundum crystalline Cr2O3 shows increased atmospheric stability
compared to alternative oxidation states with polycrystalline Cr2O3 possessing a 33.2 eV band gap similar to TiO2 [217, 218]. Chromium ion loading [218-220] is
indicated to be directly proportional to band gap narrowing, suggesting mid band
gap state generation from chromium oxidation state energy orbitals. However,
chromium ions only trap photogenerated electrons [160], resulting in a lower
activity compared to dual charge carrier trapping dopants, and so is less favoured
for photocatalytic research.
Molybdenum possesses two major oxidation states: Mo+4 (79 pm) and Mo+6 (73
pm), which occur in MoO2 and MoO3 with monoclinic/orthorhombic (α-phase) or
monoclinic (β-phase) morphology, respectively. Greater photocatalytic activity [45]
in Ti1-xO2:Mox is generated through electronic donor state creation near the TiO2
conduction band, probably originating from a varied 2.75-2.89 eV or 3.1 eV MoO3
band gap [221-223]. MoO3 is also thought to possess antibacterial activity with H+
generation on H2O interaction [224], suggesting direct Ti1-xO2:Mox film band gap
reduction and indirect charge compensating defect creation. At the time of writing,
no reports exist detailing photocatalytic activity measurements of Ti1-xO2:Mox,
suggesting possible future research avenues.
For manganese doping of TiO2, multiple stable Mn+2, Mn+3, Mn+4 and Mn+7
oxidation states can produce abundant possible d-d energy orbital transitions
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within the TiO2 band gap energy ranges [225]. Of these rock salt MnO and rutile
MnO2 both possess an indirect 2.33 eV band gap [226, 227]. However, MnO2
exhibits a decreasing band gap to 1.3 eV by spin dependent hybridization between
Mn 3d and O 2p states, providing exchange O 2p state splitting and multiple
Ti/Mn3d states [225]. For nanolaminate or homogeneously doped Ti1-xO2:Mnx
generation, mid-band gap states could initiate visible light photocatalytic activity
with no charge compensation defects on Mn4+ substitution.
Sellers [228], synthesized Ti1-xO2:Mnx films with 1.2 and 2.4 atm% dopant
concentrations, but with no photocatalytic activity measurements. Additionally,
substitutional manganese doping (MnTi) induced some light surface roughing and
grain boundary increase on comparison to nominally undoped TiO2 with divalent
Mn2/3+ detected in polycrystalline anatase. Furthermore, Li [139] proposed that
manganese ions can separately trap both charge carriers by using multiple Mn2/3+
oxidation states, increasing charge carrier lifetimes.
In summary, Ti1-xO2:Mnx films indicated enhanced surface area and anatase
morphology, as well as Mnx+ trapping of both charge carriers, providing potential
for greater UV and visible photocatalytic activity. Therefore, Ti1-xO2:Mnx material
systems warrant further research.
Iron retains two major oxidation states: Fe+2 and Fe+3, which could produce FeO,
Fe2O3 and Fe3O4 on nanolaminate doped TiO2. Specifically, Fe2O3 (corundum αFe2O3 (hematite) or cubic γ-Fe2O3 (maghemite)) possesses a band gap of 2.1-2.2 eV
[229-231]. Fe2O3 accommodation within the TiO2 band gap range could provide
potential visible light photocatalytic activity generation on TiO2 doping.
Additionally, on substitution of Ti4+ sites, possible FeTi’’ site generation would result
in minimal overall strain increase with similar ionic radii; Fe3+: 69/78.5 pm (low
spin/high spin (hs)) and Fe2+: 75pm compared to Ti4+. However, Fe2+: 92 pm (hs)
would incorporate significant strain in FeTi’’ site formation.
Choi [45], indicated increased Ti1-xO2:Fex photocatalytic activity compared to
nominally undoped TiO2, through greater charge carrier trapping on Fe2O3 valance
and conduction band states near the TiO2 valence and conduction bands. Wu [160]
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also suggested greater photocatalytic activities were a result of observed electron
and hole charge carrier trapping by Fe ions.
Later, Yu [232] synthesized Fe(III) grafted TiO2. Visible light absorption was
generated from interfacial charge transfer to Fe3+ surface species from
accumulated TiO2 conduction band electrons, creating photoreduced Fe2+ species.
Furthermore, switching between Fe2+/3+ oxidation states was detected on
photoexcited electron absorption, suggesting multiple electron oxygen reduction
catalyst generation. Therefore, minimal doping would potentially offset charge
compensation

effects,

effectively

creating

surface

ROS

with

negligible

recombination. To summarize, Ti1-xO2:Fex possess great potential for visible light
photocatalytic activity, suggesting further research is required.
At the time of writing there have been no reported studies of the photocatalytic
activity of Ti1-xO2:Cox films. Cobalt presents two stable oxidation states: Co2+
(79/88.5 pm (hs)) and Co3+ (68.5/75 pm (hs)) subsequently able to generate three
oxides: rock salt CoO, trigonal Co2O3 and spinel Co3O4, respectively. CoO and Co3O4
possess band gaps of 2.4 eV and 1.6-1.96 eV [233] respectively, suggesting doping
TiO2 with cobalt could produce mid-band gap states and hence induce visible light
absorption. However, VO.. generation in bulk regions may present recombination
issues, with further research obviously required.
Nickel possesses a dominant +2 oxidation state, and could generate a rock salt
structured nickel (I) oxide on nanolaminate doping of TiO2 with a corresponding 3.6
eV band gap for Ni2O [234, 235]. In contrast, nickel (III) oxide (Ni2O3) is not well
characterised. Interestingly, Ni3+ (Ni2O3) [236] as a potential NiTi,, would generate
minimal lattice strain in octahedral environments due to possession of a nearly
identical 74 pm ionic radii size to Ti4+ (unless low spin Ni3+ (70 pm) is present).
Tian [237] synthesized Ti1-xO2:Nix films through a sol-gel technique and subsequent
annealing. Ni2+ and VO.. formation were indicated by XPS, suggesting NiTi,, formation
and subsequent charge compensation. Furthermore, strain on substituting
increased Ni2+ ionic radii (83 pm) into Ti4+ sites supported hypotheses of greater
charge compensation effects and lattice deformation. Additionally, ART was
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catalysed by Ni2+ presence, providing reductions to both Ti-O bond rupturing and
ART activation energy, as indicated with ≥7 mol% Ti1-xO2:Nix films generating a
purely rutile structure. Additionally, Hosny NM [238] described an initially anatase
Ti1-xO2:Nix film possessing a 3.56 eV band gap with a decrease in band gap to 3.34
eV, correlating to increasing nickel content up to 10 %.
In summary, for Ni2+ inclusion a band gap decrease resulting from direct mid band
gap state introduction is not implicated, with nickel ions only trapping electrons
[160]. The resulting Ti1-xO2:Nix therefore possesses lower photocatalytic activity as
compared to other doped TiO2 materials. However, Ni2+ ions also promote ART and
therefore minimal Ni2+ concentrations could result in greater photocatalytic
activity. Further research is subsequently required in order to determine the
photocatalytic activity potential of Ti1-xO2:Nix materials.
Copper possesses dominant Cu+ and Cu2+ oxidation states providing generation of
both Cu2O and CuO, respectively in nanolaminate TiO2 doping. Structurally, Cu2O
adopts a cubic crystalline structure with a 2.1 eV band gap [239] and in
comparison, CuO possesses a monoclinic crystalline structure with a 1.9 eV band
gap [240]. For Ti4+ site substitution, both ionic radii of Cu+ (91 pm) and Cu2+ (87 pm)
are greater than Ti4+ with potential CuTi’’’ sites possibly creating significant Ti1xO2:Cux

strain and excess grain boundaries. TiO2 and CuO/Cu2O band gap mixing

would potentially generate mid-band gap states, decreasing the overall TiO2 band
gap and creating visible light photoactivity. However, transitions to and mixing with
filled Cu+ 3d orbitals may negate this hypothesis.
Choi [45] suggested copper doping creates additional charge carrier trapping states
near both the valence and conduction bands of TiO2. Wu [160] further confirmed
this hypothesis, proposing copper ion doping traps exciton charge pairs. Hashimoto
[241] subsequently synthesized Cu (II) grafted TiO2 possessing visible light activity,
generated through interfacial electron charge transfer to Cu2+. The Cu2+ then
undergo reduction to Cu+ by reaction with conduction band electrons.
Additionally, copper has antimicrobial properties and is capable of preventing
microbial colony growth. Varied antimicrobial mechanisms for copper have been
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suggested in the literature [242]. However, copper ions frequently bind with cell
membranes, causing rupturing and subsequent nutrient leakage. Copper is thought
to short circuit the transmembrane potential (voltage between inside and outside
of a cell), resulting in greater membrane hole density [21]. Copper ions are also
believed to generate oxidative stress through H2O2 generation (Fenton-type
reaction) and inappropriately bind to enzymes [243], both eventually leading to cell
death.
Bacterial cell destruction requires copper ions to be positioned within film surface
diffusion regions. Physical contact of copper ions and microbes is necessary for
microbial destruction through cell wall attack [242] or by diffusing into cells to
simultaneously attack DNA and enzymes [242]. Further research is required to
examine specific copper doping on TiO2 film properties.
For zinc doped TiO2, zinc commonly presents a Zn2+ able to undergo substitution
into TiO2 sites (ZnTi’’). Additionally, for nanolaminate ZnO doping, ZnO has a 3.2 eV
band gap, nearly identical to that of nominally undoped anatase TiO2. Therefore Ti1xO2:Znx

films would comparably undergo negligible band gap decrease as compared

to undoped TiO2, whilst maintaining significant visible light transmittance.
However, photocatalytic activity at UV wavelengths is expected to increase as a
result of;


Greater exciton lifetimes from excited electrons “hopping” into the ZnO
conduction band, further reducing recombination rates.



Charge compensation from zinc dopant inclusion resulting in surface VO..
generation for hydroxyl radical creation [244].



Zn2+ incorporation creating exciton traps, decreasing recombination rates in
lower concentrations [245].

Additionally, charge compensating VO.. in low concentrations may provide midband gap states for visible light transitions [244]. However, ZnTi,, substitution to
form VO.. undergoes difficulties from ionic size dissimilarities (Zn2+: 88 pm vs Ti4+:
75.4 pm) generating strain on Zn2+ incorporation [244].
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Ti1-xO2:Znx nanoparticles have been previously studied. Zhao [244] initially
produced highly photocatalytic Ti1-xO2:Znx with 99.4 % Rhodamine B ink
degradation detected in under 30 minutes visible light irradiation, contrasting to
the 63.5 % degradation observed for nominally undoped TiO2. Thanh Binh [245]
also generated Ti1-xO2:Znx (x = 0.03-0.1) nanoparticles, which indicated 91.4 %
methylene blue photocatalytic degradation, as compared to 46.4 % for nominally
undoped TiO2, subsequent to four hours UV light irradiation. In contrast, Chauhan
[246] and Wattanawikkam [247] generated Ti1-xO2:Znx nanoparticles, with Chauhan
reporting a slight band gap shift towards higher wavelength absorption.
Comparatively, Arunachalam [248] produced Ti1-xO2:Znx films possessing 85 %
visible light transmittance and negligible band gap shrinkage. Furthermore, Ti1xO2:Znx

also suggested significant antimicrobial activity towards bacillus subtilis

colonies.
To summarize, zinc ion addition to TiO2 represents a potential avenue for further
research with disparate Ti1-xO2:Znx properties resulting, dependent on oxygen
concentration during film synthesis. In particular:


Photocatalytic activity increases under UV irradiation, through addition of
excess holes and a reduction in defects [245].



Photocatalytic activity increases with effective bandgap decrease under
visible light irradiation [244], suggesting increased charge compensation
from defect formation in an oxygen deficient environment.



Synthesis in an oxygen rich environment generates high visible light
transmittance [248] with Zn2+ in ZnTi,, providing antibacterial activity by
surface diffusion.

Europium possesses a dominant Eu3+ ion with greater size (108.7 pm) compared to
Ti4+ (74.5 pm), suggesting significant strain induction on potential EuTi’’’ substitution
and therefore potentially results in excess grain boundary generation. Lower
nanolaminate growth rates from differing nucleation sites could potentially occur,
as Eu2O3 possesses monoclinic and cubic crystalline morphologies. However,
europium possesses significant 4f orbital concentrations resulting in discrete and
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narrow emission bands throughout the near IR, visible and UV electromagnetic
spectrum regions with relatively long excited state lifetimes [249]. Eu2O3 potentially
provides TiO2 mid-band gap 5L6, 5D(0-3) and 7F(0-6) states (table 1.2).
Energy State

Level (eV)

5L

6

3.15

5D

3

3.02

5D

2

2.67

5D

1

2.36

5D

0

2.14

7F

6

0.62

7F

5

0.49

7F

4

0.35

7F

3

0.23

7F

2

0.12

7F

1

0.04

7F

0

0.00

Table 1.2: Energy state type versus TiO2 band gap energy [250]
Corresponding radiative emissions from the 5D0 energy state equal to visible light
wavelengths and beyond (7F5-6) are discussed by Wakefield [250] (table 1.3).

5D

0

transition

Emission (nm)

7F

6

7F

5

815 751

7F

4

692

7F

3

649

7F

2

613

7F

1

590

7F

0

579

Table 1.3: 5D0 to 7F0-6 transitions and associated emissions [249]
Furthermore, Wang [249] describe a wider luminescence emission range with
visible light emissions resulting in colours from differing 5D0-3 to 7F0-6 states [251];
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Red: 5D0 to 7FJ (J = 1, 2, 3, 4).



Green: 5D1 to 7FJ (J = 0, 1, 2).



Dark blue/green: 5D2 to 7F3.



Violet: 5D3 to 7FJ (J = 0, 1, 2).



UV: 5H3-7, 5G2-6 and 5L6 to 7F0.

Thus, if TiO2 was successfully doped with Eu3+, potential visible light activity could
result from corresponding photon wavelength absorption, generating excitons and
subsequent surface reactive oxide species.
Europium would aliovalently (Eu3+) substitute Ti4+ lattice sites (EuTi), providing
excess holes and a greater p-type conductive nature. Charge compensating VO..
could be generated, which may counteract the potential p-type natures and also
potentially produce visible light photocatalytic activity with 515 (VO..) and 600 nm
(Ti3+) emissions indicated [115]. Hansen [251, 252] synthesized europium titanium
oxide (EuxTiyOz) films through ALD and subsequently studied the luminescent
properties of the films. In Ti1-xO2:Eux films, TiO2 and Eu2O3 were shown to provide
beneficial roles with TiO2 controlling UV absorption and Eu2O3 governing
luminescence. Additionally, the highest luminescence efficiency was dependent on
specific concentration of Eu2O3 and TiO2.
Overall, Ti1-xO2:Eux films could provide greater photocatalytic activity as compared
to nominally undoped TiO2. This could occur through secondary VO.. generation for
ROS generation and via europium energetic state presence within the TiO2 band
gap. However, the ionic radius of Eu3+ is significantly larger as compared to Ti4+ and
so would be outside Hume-Rothery rules for solid solubilisation, providing great
difficulty in creating Ti1-xO2:Eux, without relying on Eu2O3 nanolaminate doping
approaches.
Furthermore, upconversion [253, 254] is also a possibility with Ti1-xO2:Eux films,
with Eu3+ providing sequential absorption of two or more inbound lower energy
(visible) photons, to result in subsequent emission of a higher energy (UV) photon.
This higher energy UV photon could potentially photocatalytically activate the TiO2
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providing visible light activity, however, this is outside the scope of the presented
research.
1.4.2 Non-Metals
Non-metals typically enhance visible-light photocatalytic activity through anionic
doping (TiO2-x:Mx). This generally provides greater photocatalytic efficiency through
reducing the number of recombination centres as compared to cationic metal
doping [30]. Although not explicitly studied within this research, non-metal dopants
within TiO2 materials commonly occur as impurities (hydrogen, carbon and
nitrogen). Therefore non-metal dopants are reviewed here to show the effect
these impurities could impart if present in the synthesized Ti1-xO2:Mx films.
Theoretically, hydrogen impurities were initially suggested by Park [255], to
generate OH- in bulk TiO2 through Hi attachment to a non-bonding oxygen p-orbital.
Park also showed hydrogen impurity levels occurred above the TiO2 conduction
band maximum for both anatase and rutile morphologies. Additionally, Mehta
[256] further theorized that atomic hydrogen could occupy VO.. sites in nominally
undoped TiO2, enhancing visible light absorption through stabilization of Ti3+ states.
Experimentally, Mo [257] confirmed rutile TiO2 hydrogenation either resulted in
VO.. site occupation or Hi formation, subsequently creating weak O-H bonding.
Additionally, Ataei [258] suggested that hydrogen impurities enhanced both visible
and infrared wavelength absorption, providing potential for future research.
Contrastingly, Deng [259] reported formaldehyde photo-oxidation by nominally
undoped anatase TiO2 was outperformed by amorphous hydrated TiO2 (Ti(2x/2)(OH)x).

The improved Ti(2-x/2)(OH)x photocatalytic activity was believed to result

from greater terminal and surface OH- density and not VO../Ti3+ concentrations,
with Ti-OH group condensation creating Ti-O-Ti at greater temperatures.
Additionally, carbon can undergo both substitutional (CO’’) and interstitial (Ci….)
doping depending on synthesis conditions (oxygen partial pressure). Carbon also
shows possible electron transfer from an oxidized interstitial to reduced
substitutional species [260]. Both CO,, and Ci…. result in isolated C 2p and mid-band
gap states located 0.26 eV [94] above valence band energies with differing
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electronegativities (2.55 and 3.44 respectively) providing negligible O 2p and C 2p
state mixing. C 2p states, VO.. and subsequent Ti3+ formation further suggest that
visible light absorption is possible [261-264].
Sakthivel [261] initially demonstrated TiO2-x:Cx film photocatalysis under daylight
illumination with further research [94, 260, 263, 264] suggesting significant
photocatalytic improvement as compared to nominally undoped TiO2. Additionally,
antibacterial results indicate S.aureus visible light inactivation at anatase-brookite
heterojunctions via additional carbonate ion energy states within TiO2-x:Cx films
[94]. Overall, TiO2-x:Cx films usually occur unintentionally as a result of precursor
decomposition impurities (Ci….), but intentional low carbon concentrations suggest
a significant photocatalytic improvement into visible light ranges may be possible.
TiO2-x:Nx films are commonly synthesized for applications requiring visible light
photocatalytic activity [9, 265-267]. Sato [268] initially reported visible light activity
after nitrogen incorporation into a TiO2 sol. N3- ions usually incorporate into TiO2
lattices through oxygen lattice site substitution (No.) with significant proportions
also undergoing interstitial site substitution (Ni…). In contrast, Pore [267] only
observed Ni… doping across TiO2 lattices. No. generates isolated N 2p states (with
negligible mixing resulting from differing electronegativity (nitrogen: 3.04 and
oxygen: 3.44)) 0.14 eV above the valence band [269]. In comparison, Ni… induces NO bonding with localized antibonding impurity states 0.73 eV above the valence
band [270, 271] to generate visible light absorption [272, 273]. Contrastingly, other
researchers [262, 274] proposed band gap narrowing and subsequent visible light
absorption from surface adsorbed NOx and NHx groups.
Nitrogen doping is also believed to induce visible light absorption through
stabilizing VO.. formation [275]. Doped nitrogen initiates electron transfer between
higher energy Ti3+ states to lower energy nitrogen states [276], subsequently
producing an absorption red shift towards visible light regions (2.25 eV) [277].
Higher stability resulting from the comparable ionic sizes of nitrogen (N3-: 132 pm)
and oxygen (O2-: 124 pm) is associated with NO. formation. However, Ti-N bonding

37

negatively affects band gap narrowing and therefore decreases photocatalytic
activity [278, 279].
TiO2-x:Nx frequently exhibits an anatase dominated morphology, incorporating
increasing rutile concentration with film thickness. Greatest photoactivity was
detected in anatase dominant films containing minimal rutile, as in nominally
undoped TiO2 [98]. However, TiO2-x:Nx films containing significant rutile phase
possessed lower energy N 2p states. Valence band energies therefore were
decreased by 0.05 eV versus nominally undoped rutile TiO2 films, effectively
providing band gap widening and blue-shifting absorption wavelengths [280, 281].
TiO2-x:Nx films indicate superhydrophilicity (<15 o contact angle) under UV or visible
irradiation, and therefore potential photocatalytic activity, present from significant
Ni… concentrations [267, 282]. TiO2-x:Nx surface pollutant molecular degradation of
the following species has been previously studied:


For salicylic acid decomposition [265], increased photocatalytic activity was
detected at pH 6 for both nominally undoped TiO2 and TiO2-x:Nx films with
higher degradation rates obtained for nominally undoped TiO2 (85 %),
compared to TiO2-x:Nx (75 %). Additionally, TiO2-x:Nx showed increased
absorption around 250-300 nm.



For methylene blue decomposition [9], TiO2-x:Nx films containing increased
nitrogen concentrations indicated greater levels of degradation after four
hours of visible light exposure.



For stearic acid decomposition [267, 283, 284], greater degradation
efficiency was shown for nominally undoped TiO2 films under UV light
irradiation, indicating decreasing photoactivity with increasing nitrogen
concentration. Additionally, the TiO2-x:Nx films indicated visible light
activation as a result of interstitial nitrogen (Ni…) or annealing, resulting in
complete stearic acid removal after 160 hours for an approximate rate of
1.4 molcm-2h-1.
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For 4-cholophenol decomposition, TiO2-x:Nx films underwent photocatalytic
activation and greater levels of degradation under solar irradiation, in
contrast to nominally undoped TiO2 [280].



For 100 % DDT (dichlorodiphenyltrichloroethane) decomposition, a greater
degradation rate was observed under visible light irradiation as compared
to UV light irradiation [285].



For RR4 dye photodegradation [286], Ti1-xO2:Nx films containing interstitial
nitrogen from urea addition during synthesis provided complete
degradation after 60 minutes under LED irradiation.

Without photocatalytic activity measurement standardization, comparability
difficulties exist. However, literature indicates greater TiO2-x:Nx photoactivity
overall as compared to nominally undoped TiO2 under visible light and subsequent
decomposition of a variety of model pollutants.
Phosphorus and sulphur ions are potential surface contaminants from treatment
with cleaning agents in this research. Therefore, both phosphorus and sulphur
doped systems were also reviewed with the view of the potential effect these
impurities could impart if present on Ti1-xO2:Mx surfaces.
Phosphorus doping can occur through substitution of both titanium and oxygen,
dependent on the phosphorus ion oxidation state. P5+ can substitute Ti4+ sites (PTi.),
resulting in VTi,,,, generation and P3- can substitute O2- sites (PO’), resulting in VO..
creation. Iwase [287, 288] indicated P3- substitution generated increased band gap
narrowing via P 3p states and VO.. formation, as compared to P5+ substitution.
However, the formation of VO.. resulted in no visible light activity and further
suggested P 3p states solely produce visible light active sites. Additionally, the
photocatalytic decomposition of acetaldehyde and phenol under visible light was
observed for Ti1-xO2:Px films. Improved visible light activity resulted from inhibited
rutile crystalline growth occurring upon phosphorus ion incorporation.
Furthermore, Han [289] suggested phosphorus inclusion suppressed TiO2 ART and
surface crystallite growth, potentially improving photocatalytic activity through
greater surface area production.
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Additionally, sulphur has been incorporated in TiO2 lattices as S6+, S4+ or S2- ions
[290-292]. However, lattice strain is detected on substitution through either; S2possessing greater ionic radii (184 pm) [293] in contrast to O2- (124 pm) or S6/4+ ions
possessing lower ionic radii (43/51 pm) as compared to Ti4+, with potential for Si
creation. Visible light absorption is therefore explained through S 3p dopant midband gap states located 0.38 eV above the TiO2 valence band [294]. (However, S 3p
and O 2p orbital mixing is contentious, from electronegativity differences (2.58 vs
3.44 respectively)) [291, 295]. Overall, Ti1-xO2-y:Sx/y films exhibit increased 2propanol and methylene blue visible light photocatalytic decomposition. This
suggested a photocatalytic improvement as compared to nominally undoped TiO2
films, potentially resulting from S 3p mid-band gap states.
Furthermore, other non-metallic TiO2 dopants, namely; boron, fluorine and iodine,
have also been reviewed with respect to how doped TiO2 film properties are
altered with the addition of these specific dopants.
Boron undergoes interstitial (Bi) [296] doping into TiO2 with B3+ (41 pm) creating
oxidized borate species bound to Ti3+ centres [297]. Both VO.. and B2p mid-band gap
energy states are subsequently generated, narrowing the TiO2:B band gap and
achieving visible light photocatalytic activity. Furthermore, TiO2:B has been
previously shown to actively decompose a range of organic pollutants under visible
light irradiation [298-301], suggesting further research potential.
When doped, fluorine [302-307] undergoes substitution into oxygen sites (FO’)
causing Ti4+ reduction (Ti3+) through strong fluorine ion electronegativity [308].
Additionally, subsequent band-gap narrowing from VO.. formation generates visible
light photocatalytic activity, as indicated by increased X-3B dye photodegradation
[309], suggesting further research possibilities. Furthermore, fluorine doping
stabilizes anatase TiO2 (001) facets [310, 311] possessing greatest photo-reactivity.
Also F- possesses similar ionic size (119 pm) to O2- (124 pm) lowering potential
lattice strain, which may improve TiO2-x:Fx stability.
In comparison, iodine doping generates anatase TiO2-x:Ix, which provides a band
gap reduction resulting from the expected lattice strain on I- (206 pm) substitution
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(IO’) [312] and inducing <550 nm absorption. Furthermore, subsequent strain
removal upon surface iodine doping extends absorption and therefore also the
photocatalytic activity to <800 nm [313]. Contrastingly, Liu [313] also detected I7+,
possibly resulting in decreased strain (67 pm) for Ti4+ substitution (ITi…….).
Additionally, multivalent I7+/I- Ti1-xO2-y:Ix/y films were also synthesized, which
showed suppression of recombination through electron trapping site generation
[314]. Multivalent doping results in the creation of two mid-band gap states; I-O-Ti
near the valence band and I-O-I [313] near the conduction band. Both created
states effectively decrease Ti1-xO2-y:Ix/y band gap size, increasing absorption under
visible light irradiation. Ti1-xO2-y:Ix/y films also resulted in methylene blue [315], 4chlorophenol [313] and CO2 [316] decomposition, indicating greater photocatalytic
ability as compared to nominally undoped TiO2 and therefore suggesting a
potential avenue for further research.
1.5 Co-dopant systems
Co-doping provides potential for both electron donor and hole acceptor species
incorporation. One dopant typically induces visible light absorption properties and
another compensates for lattice defect formation in order to decrease
recombination

centres

[317],

both

therefore

simultaneously

improving

photocatalytic activity. Additionally, initial dopant inclusion is suggested to favour
second dopant introduction [317, 318].
Ti1-xO2-y:Ny/Sx/y indicated enhanced visible light photocatalytic activity as compared
to separately doped TiO2-x:Nx or Ti1-xO2-y:Sx/y. Periyat [319] detected N-O species,
surface chemisorbed nitrogen and S6+ states generating band gap narrowing with
highly reactive (001) facet exposures for increased photocatalytic activity [320].
Additionally, Rengifo-Herrera [321] indicated ROS generation on Ti1-xO2-y:Ny/Sx/y
surfaces with photocatalytic activity being affected by a combination of; the doping
nature (NO. and Ni… and/or STi or SO), the initial surface hydroxylation and the Ti1xO2-y:Ny/Sx/y

particle size. Furthermore, mid-band gap S 3p, N 2p and π*N-O state

creation provided visible light excited electrons for the formation of superoxide
radicals and singlet oxygen [322, 323], and holes for creating hydroxyl radicals [66],
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increasing photocatalytic activity. However, direct hydroxyl radical creation from
adsorbed water molecules and holes is indicated to be preferable for E.coli colony
inactivation [321] in comparison to O2- or 1O2 generation from Ti1-xO2-y:Nx/Sx/y.
Comparatively, TiO2-x:Cx/Nx exhibited increased visible light (<700 nm) [324]
photocatalytic degradation of; stearic acid, Bisphenol A, Microcystin-LR and
Rhodamine-B dye, as compared to commercial nominally undoped TiO2 [325-328].
In addition, TiO2-x:Fx/Nx shows greater photocatalytic activity, decomposing 6hydroxymethyl uracil [329], in contrast to nominally undoped TiO2, Ti1-xO2-y:Fy/Px
and TiO2-x:Sx. Enhanced photocatalytic activity was possibly generated by opposite
n and p-type dopants, NO. and FO’ respectively, interacting through spatially
extended charge transfer. Fluorine dopants induced VO.. formation and subsequent
Ti3+ mid-band gap state generation with nitrogen (N 2p) mid-band gap state
addition generating an excited electron cycle [330]. Furthermore, TiO2-x:Fx/Nx
synthesis by Pelaez [331] indicated a 2.85 eV overall band gap, but with increased
photocatalytic efficiency, possibly relating to inter-particle electron transfer across
heterojunctions between anatase and brookite crystallites. TiO2-x:Fx/Nx films have
also been shown to be active in atrazine elimination under visible light irradiation
[332, 333]. Additionally, TiO2-x:Cx/Fx has also indicated styrene degradation under
visible light irradiation [334].
Also, TiO2-x:B/Nx microspheres have been shown to possess a surface 1.94 eV band
gap with visible light absorption extension to 700 nm. Initial boron pre-doping
generated Ti-O bond weakening to result in greater nitrogen solubility [335],
suggesting synergistic dopant effects.
Furthermore, Wang [336] synthesized triple doped TiO2-x:Cx/Nx/Sx, which showed
band gap reduction to 2.67 eV with subsequent visible light photocatalytic activity
providing 68 % carbamazepine removal in 120 minutes.
Breault [337] synthesized Ti1-xO2-y:Nbx/Ny which showed a 7-fold greater visible
light photocatalytic activity as compared to undoped TiO2.
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Additionally, co-doped Ti1-xO2-y:Gax/Dx/y films have indicated greater photocatalytic
activities through synergistic effects as compared to Ti1-xO2:Gax [179, 317, 338-341].
Song [339] and Li [317] co-doped non-metallic elements (iodine and nitrogen
respectively) with resulting films indicating synergistic effects between I 5p or N 2p
and gallium-doped charge-compensated VO... Deng [341] and Hirano [338]
synthesized

Ti1-xO2:Gax/Vx

and

Ti1-xO2:Gax/Nbx

respectively

creating

p-d

hybridization between metal mid-band gap states producing a red-shift in
absorption and improving photocatalytic activity. Li [317] synthesized Ti1-xO2-y:Gax/Ny.

Nitrogen inclusion introduced N 2p mid-band gap states, increasing visible

light photocatalysis and generating excess VO... However, gallium incorporation
improved initial VO.. generation, induced through p-type nitrogen doping, to create
additional electron trapping centres. Ti1-xO2-y:Gax/Ny co-doped films also showed
greater levels of H2 evolution in contrast to nominally undoped or singly doped TiO2
films under a water splitting process.
In comparison, Li [318] indicated similarly enhanced synergetic photocatalytic
activity on Ti1-xO2-y:Cy/Mox generation. MoTi sites provided overall band gap
narrowing, synergistically extending photogenerated excition lifetimes with surface
absorbed carbon.
Furthermore, Ti1-xO2-y:Cux/FY produced by Leyland [342] showed significant
antimicrobial properties under visible light irradiation, reducing S.aureus
populations. Fluorine incorporation minimized exciton recombination on FO’
creation, with charge compensation inducing the formation of VO.. and Ti3+.
Additionally, copper improved oxygen deficient defect concentrations and assisted
in hydroxyl radical production at surface regions through a Fenton-type reaction.
However, independent of photocatalytic interactions, surface copper ions also
generated cell membrane rupture providing antimicrobial activity in dark
conditions.
In summary, co-doped TiO2 generally results in greater photocatalytic activity
through synergy typically between organic and charge compensated VO../Ti3+ midband gap energy states. These mid-band gap energy states, reduce band gaps and
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facilitate visible light wavelength absorption. The interplay between non-metal and
TiO2 defects also provides greater exciton pair trapping centres, increasing charge
pair lifetimes and ROS formation on reaction with surface oxygen containing
groups. Both of which could potentially increase photocatalytic activity, as
compared to nominally undoped TiO2.
1.6 Photovoltaics
Many semiconductors are also used in photovoltaic devices, which exploit identical
or similar phenomena to those that underpin photocatalytic activity. Excitons are
created from light irradiation, undergo subsequent dissociation and result in
excited electron diffusion throughout the semiconductor, creating current. In the
case of TiO2, light conversion efficiencies are typically low with absorption only
occurring from light possessing equal or greater energies compared to the
semiconductor band gap [30]. Doping can increase absorption efficiency towards
visible light wavelengths, but also provides a loss in transparency [343], sometimes
limiting the use of the materials towards further layers into the photovoltaic
device.
TCO layers provide both an ohmic contact for electron transport and high
transparency for light penetration. Therefore, TCO substrates utilized in
photovoltaic devices typically possess [344]:


80% or greater visible light transparency.



Resistivity in orders of <10-3 Ω.cm [27] for efficient carrier transport.



Minimal 1020 cm-3 carrier concentrations for low resistivity.



n-type conductivity.



A band gap >3.2 eV to avoid visible light absorption.

Doped TiO2 and ZnO suggest possession of these properties, providing potential for
utilization as cheaper TCO substrates compared to industrially standard 2 x 10-4
Ω.cm ITO (tin doped indium oxide) [345]. However, comparatively high resistivities
are reported for pure metal oxides with nominally undoped anatase TiO2
possessing maximum resistivity magnitudes of 1 x 10-1 Ω.cm [27]. In contrast,
44

chemically sensitive wurtzite ZnO possesses a maximum resistivity of 2.35 x 10-3
Ω.cm [346]. Therefore intrinsic and extrinsic defects have been utilized to lower
resistivity of TCO layers, whilst retaining high transparency.
1.6.1 Dopants and defects
As previously discussed, dopant incorporation can decrease the metal oxide band
gap. Therefore TCO efficiency can be improved through generating either donor
states near the conduction band minimum or acceptor states near the valence
band maximum, dependent on the dopant utilized.
TCO’s typically contain significant electron density from donating defects (Mi and
VO..) (M = metal) with film growth typically occurring in reducing environments to
suppress VM creation and provide n-type conduction characteristics [345]. VO.. and
Mi further generate mid-band gap states just beneath the conduction band
minimum [40, 41, 44], both generating electron-rich sources [121] for increasing ntype conduction characteristics. ITO films provide an example of this, with each VO..
trapping two electrons, to further stabilize neighbouring In3+ 5s orbitals from
oxygen bond removal, generating mid-band gap states 0.03 eV beneath the ITO
conduction band [345].
Additionally, recombination rates are directly proportional to lattice defect
concentrations with greater electron trapping preventing current conduction and
decreasing film current densities. Specifically, recombination is related to deeper
traps, significantly resulting from VM creation [40, 41, 44].
Both dopants and defects also increase charge scattering cross sections versus their
neutral lattice counterparts with heavily doped metal oxides undergoing significant
intra-grain scattering. This could provide decreased charge carrier mobility [347]
and lower electrical conductivity. Comparatively, nominally undoped metal oxides
are dominated by scattering at grain boundaries and other crystallographic defects
(point defects, dislocations and stacking faults). Scattering is shown to be directly
affected by crystalline defect density [348], decreasing the electrical conductivity.
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Therefore, an optimal dopant concentration would ideally decrease grain boundary
scattering, resulting in greater charge carrier grain boundary tunnelling without
intra-grain scattering and increasing the electrical conductivity. 1020 cm-3 carrier
concentrations are suggested [347] as optimal concentrations for decreased grain
boundary scattering with negligible intra-grain scattering. Correspondingly,
Edwards [349] created a model assuming a parabolic conduction band and doping
levels above the Mott Criterion as shown in equation 1.7. Where aH* is ground state
mean Bohr radius and nc is minimal dopant concentration.

nc 1/3aH* = 0.26 ± 0.05

Equation 1.7

On satisfying the Mott criterion, metal oxides typically experience an induced
composition state transition from semiconducting to metallic and become
conductive [350]. However, an optimal dopant balance is required for maximum
efficiency, satisfying the Mott Criterion, but minimalizing recombination with
dopant incorporation at solid solubility limits. Additionally, barrier layer utilization
to passivate surface doped metal oxide layer sites can also decrease recombination
rates [351] and increase efficiency.
Single crystalline films or polycrystalline films containing large grains and
subsequently minimal grain boundaries are preferable for TCO films [348].
Specifically in TiO2 films, anatase is preferred over rutile for TCO applications, since
it possesses both higher carrier concentration (>1021 cm-3) [27] and VO..
incorporation. For example; in TNO (Ti1-xO2:Nbx) films [352], anatase generated a
strongly hybridized niobium 4d orbital across the conduction band resulting in one
electron being transported per Nb5+. Whereas rutile generated shallow Nb 4d
impurity states.
However, both greater charge carrier, and VO.. concentrations increase visible light
wavelength absorption, decreasing transparency. Additionally, thicker TCO films
tend to possess lower transparency, presenting difficulties in terms of light
penetration. A range of specific TCO materials already utilized for photovoltaic
applications are discussed below.
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1.6.2 Doped TCO materials
Tin doped indium oxide (ITO) consists of a transparent and colourless solid solution
typically of around 90 % indium (III) oxide and 10 % tin (IV) oxide (In1.8Sn0.2O3) [344,
345, 353]. ITO possesses a large 4 eV band gap, providing visible light transparency.
However, ITO is opaque under UV and near IR irradiation due to band-to band
absorption (UV photon electron excitation from valence to conduction bands) and
free carrier absorption (IR photon electron excitation within the conduction band),
respectively. ITO films typically possess low resistivity values around 2 x 10-4 Ω.cm
with 90 % transmittance and good chemical moisture resistance. ITO films are also
grown in reducing environments, producing significant VO.. concentrations and
increasing electron concentration.
However, ITO layers are fragile and lack flexibility and there is limited supply with
an associated high cost of indium. Therefore research has progressed towards
synthesizing new TCO materials without indium.
Fluorine doped tin oxide or FTO [353, 354] is an n-type semiconductor, consisting
of a transparent and colourless SnO2-x:Fx film, which is typically deposited on glass
substrate, as part of the glass manufacturing process [353, 355-357]. In the
literature, polycrystalline FTO has been synthesized by Suh [358] through CVD,
resulting in a film resistivity of 8.2x10-4 Ω.cm with 75 % transparency. Additionally,
Proscia [359] and Maruyama [360] utilized atmospheric pressure CVD (APCVD)
synthesis routes to produce polycrystalline films with recorded resistivities of
5.92x10-4 Ω.cm. Additionally, Kim [353] grew predominately polycrystalline FTO
from pulsed laser deposition (PLD), providing a resistivity of 5 x 10-4 Ω.cm
dependent on oxygen pressures during synthesis. Furthermore, these films
additionally showed 87 % visible light transparency, 15 cm2V-1s-1 carrier mobilities
and a 4.25 eV band gap.
FTO, unlike ITO, is an inexpensive, chemically and thermally stable material, but
possesses greater average resistivity and marginally lower transparency in
photovoltaic devices. Furthermore, tantalum, niobium and antimony have been
utilized as tin oxide dopants for TCO’s indicating high electrical conductivity [361].
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Doped ZnO [344, 362-364] namely; Zn1-xO:Alx (AZO), Zn1-xO:Gax (GZO) [365] and Znx1O:Alx/Gax

(AGZO) [366] were synthesized by Lin [362] and all adopted a hexagonal

wurtzite structure with >80 % transparency. GZO with 3 % gallium possessed the
best electrical properties (resistivity; 3.18 x 10-4 Ω.cm, mobility; 27.8 cm2V-1s-1 and
carrier concentration; 11.05 x 1020). This was followed closely by AZO containing
2% aluminium (resistivity; 4.31 x 10-4 Ω.cm, mobility; 22.0 cm2V-1s-1 and carrier
concentration; 11.09 x 1020 cm-3). Finally AGZO incorporated 0.5 % aluminium and
1.165 % gallium (resistivity; 8.14 x 10-4 Ω.cm, mobility; 13.5 cm2V-1s-1 and carrier
concentration; 6.35 x 1020 cm-3).
AZO films are frequently utilized as TCO’s [363, 364, 367-369] incorporating an
optimal 5 atm% aluminium concentration. However, Maeng [369] proposed a 2.5
atm% optimal concentration with; 2.6 x 1019 cm3 carrier concentration, 4.2 Ω.cm
resistivity and a 3.3 eV band gap. In contrast Myong [370], generated a lower
resistivity of 6.2 x 10-4 Ω.cm in AZO films fourteen years prior with an identical
magnitude to ITO. However, as already mentioned, Lin [362] also synthesized AZO
films containing 2 % aluminium, further improving electrical conductivity.
GZO films are also studied for TCO applications [371], with GZO grown through CVD
by Ataev [372] initially exhibiting a resistivity of 1.2 x 10-4 Ω.cm, and thereby
equalling ITO film conductivity magnitudes. Further GZO film synthesis by Assuncao
[373] and Lin [362] through r.f magnetron sputtering generated resistivities of 2.6 x
10-4 Ω.cm and 3.18 x 10-4 Ω.cm, respectively. Assuncao also reported 90 %
transmittance and Lin reported 27.8 cm2V-1s-1 mobility and 11.05 x 1020 cm-3 carrier
concentrations. Contrastingly, Gabas [374-376] achieved even lower GZO
resistivities of: 6.3 x 10-4 Ω.cm.
Furthermore, IGZO (Indium gallium zinc oxide) [366] films and other potential zinc
oxide film dopants including; sodium [377] and molybdenum [378], were also
studied for potential TCO utilization.
However, with indium scarcity and difficulties in generating p-type ZnO, doped TiO2
is a potential candidate for TCO materials. Nominally undoped TiO2 is abundant,
possesses increased chemical stability [9], a wide 3-3.37 eV band gap [10] for visible
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light transparency, and can provide n-type conductivity from VO.. defects [119, 122,
379].
Nominally undoped TiO2 is typically utilized as barrier or blocking layers at
interfaces between metal oxide layers and electrolyte/dye/TCO in DSSC’s [380,
381]. Doped TiO2 should possess greater charge carrier density and therefore
conductivity, with an ideal TiO2 dopant for TCO applications generating:


Additional charge carriers either directly from dopant addition or indirectly
from charge compensation defects, for improved n- or p-type conduction
characteristics.



Negligible effects on film morphology, corresponding to favourable solid
solubility conditions with similar substituted ionic size, subsequently
reducing strain and grain boundary dopant accumulation.

Correspondingly, previous studies of doped TiO2 for potential TCO applications are
commented on below.
Niobium doped TiO2 [352] or Ti1-xO2:Nbx indicates comparable electrical and optical
properties to ITO films including a large refractive index, high infra-red (IR)
transmittance and chemical stability in reducing atmospheres [352]. Ti1-xO2:Nbx
films typically incorporate Nb5+ through substitution, generating VTi,,,, and releasing
electrons with 90 % efficiency (x ≥ 0.06).
Initially, Furubayashi [382, 383] grew single crystal anatase Ti1-xO2:Nbx (x = 0.0020.2) onto SrTiO3 by sol-gel methods followed by hydrogen gas annealing, and
resulting in 2.3 x 10-4 Ω.cm resistivity and 97 % transmittance (x = 0.3). Additional
PLD synthesis on glass generated samples possessing resistivities of 4.6 x 10-4 and
9.5 x 10-4 Ω.cm for polycrystalline and anatase films respectively [384, 385], with 75
% visible light transmittance.
Ti0.94Nb0.06O2 on glass was further synthesized by sol-gel dip coating [112] and
sputtering [27]. Dip coating produced highly resistive polycrystalline anatase films
(19.3 Ω.cm), after annealing in air and subsequent vacuum (4 x 10-4 Pa) at 550 oC.
Sputtered anatase films achieved 2.3 x 10-4 Ω.cm resistivities and 95 % visible light
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transmittance. Contrastingly, sputtered polycrystalline films generated slightly
increased 6.4 x 10-4 Ω.cm resistivities.
Additionally, Hung [386] synthesized Ti1-xO2:Nbx (x = 0-0.52) films from titanium and
niobium metal target reactive co-sputtering. Synthesized films were amorphous
and insulating, with annealing in hydrogen gas at 600 oC generating anatase or
mixed phase anatase and rutile morphology as well as conductivity. The pure
anatase phase generated a resistivity of 9.2 x 10-4 Ω.cm and > 70 % visible light
transparency (for x = 0.39 in Ti1-xO2:Nbx), whereas mixed anatase-rutile phase films
showed an increased resistivity of: 1.2 x 10-1 Ω.cm. It was suggested that this
greater resistivity possibly evolved through increased grain boundary density
between different crystallites, highlighting single crystal growth as being preferable
for decreased resistivity, allowing less charge carrier deflection.
Furthermore, Ti1-xO2:Nbx films were synthesized through ALD by Niemela [206]
generating anatase after post-deposition reductive (H2/N2 atmosphere) annealing.
These Ti1-xO2:Nbx films subsequently became conductive after annealing,
possessing a minimal 1.4 x 10-3 Ω.cm resistivity on 25 % Nb doping, with 1.1 x 1021
cm-3 charge carrier density and 22 cm2V-1s-1 electron mobilities. However, minimal
strain was indicated on NbTi. substitution with an increase in the d101 interplanar
spacing.
Tantalum doped TiO2 or Ti1-xO2:Tax was sputter grown by Hitosugi [387] and
indicated similar film properties as Ti1-xO2:Nbx. Choi [216] later synthesized several
Ti1-xO2:Tax films with varied 1.2-4.9 atm% tantalum, generating anatase with
homogeneous TaTi. substitution and resulting in charge compensation through VTi,,,,
creation.
Furthermore, other metal dopants have also been (or possess potential to be)
utilized as TCO’s:


Ti1-xO2:Gax [388] indicated an oxygen stoichiometry dependence in terms of
n/p-type conductivity. p-type conduction characteristics were generated
from oxygen rich synthesis and holes from Ga3+ inclusion. Alternatively n50

type conduction characteristics were created through charge compensating
VO.. under oxygen deficient conditions.


Nickel has potential for TiO2 doping with increasing Ni3+ in NiO (p-type
semiconductor) systems lowering resistivity from monovalent atom
addition or VNi,, and Oi.. formation in NiO crystallites [236].



Ti1-xO2:Znx showed greater carrier concentration and Hall mobility with
conduction through greater hole addition [248].



Ti1-xO2:Wx [389] showed less promising results as compared to Ti1-xO2:Nbx
films.

Other TCO’s synthesized from doped cadmium [390-392], indium oxides [393, 394]
or pure nickel [395] have also been studied for potential TCO utilization.
Overall, commercial issues associated with ITO films has generated research into
disparately doped SnO2, ZnO and TiO2 for improvement of 2 x 10-4 Ω.cm resistivity
and 90 % visible spectrum transparency gained from ITO films as TCO’s.
Unfortunately FTO and Doped ZnO (AZO/GZO) fall slightly short. FTO reported 5 x
10-4 Ω.cm resistivity and 87 % transparency. Whilst doped ZnO reported 2.6 x 10-4
Ω.cm resistivity and > 80 % transparency, but is chemically unstable in non-neutral
environments. However, TNO films provide a reasonable TCO alternative with 2.3 x
10-4 Ω.cm resistivity and 97 % transmittance detected.
1.7 Outline of thesis research
In this thesis the following research topics are described:


Hospital cleaning agent (Actichlor PlusTM, ChloraprepTM, StericleanTM and
Virusolve+TM) exposure effects on photocatalytic activity of Pilkington
ActivTM TiO2 films with respect to basic blue 66 and resazurin ink
photodegradation and water contact angle variation on UV light irradiation.



The ALD synthesis and characterization of the as-grown and annealed
nanolaminate doped Ti1-xO2:Agx, Ti1-xO2:Alx, Ti1-xO2:Hfx, Ti1-xO2:Snx and Ti1xO2:Vx

(99:1 and 19:1) (Ti:M) films with dopant role highlighted in

determining

the

electrical,

morphological

and

optical

properties.

Furthermore, photocatalytic properties were determined with respect to
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basic blue 66 ink photodegradation and water contact angle variation on UV
light irradiation.


The extended analysis of the photocatalytic Ti1-xO2:Snx (19:1) film properties
with respect to basic blue 66 and resazurin ink photodegradation and water
contact angle variation on UV light irradiation, subsequent to cleaning agent
(Virusolve+TM and Actichlor PlusTM) exposure. Additionally, the photo-killing
nature of Ti1-xO2:Snx (19:1) is examined in accordance with E.coli colony
attachment and colony counting studies.



The ALD synthesis and subsequent analysis of nanolaminate doped Ti 1xO2:Gax

(99:1) and (19:1) films, including further synthesis and analysis of

nanolaminate doped Ga-capped Ti1-xO2:Gax (99:1), (74:1), (49:1), (39:1),
(32:1), (19:1) and (9:1) films.
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Chapter 2: Synthetic and analytical techniques
2.1 Synthetic techniques
Physical and chemical properties of TiO2 (specifically photocatalytic and
conductive) are greatly dependent on synthesis method, with crystallinity and
dopant diffusion variation generating activation differences. A range of deposition
methods have been used to grow TiO2 films, with some of the more frequently
utilized processes discussed below:
2.1.1 Sol-gel processing
Sol-gel processing is the most frequently reported technique for growing
doped/undoped TiO2 films in the literature [396]. Typically this process involves
colloidal solution (sol) generation from converted monomers creating a precursor
solution (sol) for an integrated polymer or detached particle network (gel). TiO 2
deposition is then achieved through initial aqueous or alcohol based mixture
precursor decomposition, generating a biphasic gel (consisting of solid and liquid
phases) across the substrate surface. Drying follows to remove liquid components
and a high temperature sintering process favouring polycondensation finishes the
synthesis. Both of these processes increase overall processing time.
The resulting TiO2 layer possesses good conformality, but film thicknesses are only
controllable to approximately 1 nm [397], resulting in low or uneven coverage for
thinner TiO2 films. Film shrinkage can occur during drying and sintering (usually
450-500 oC for a TiO2 film of quality comparable to a sample grown by vapour
deposition) indicating incompatibility with low temperature fabrication techniques
[398]. Low temperature sintering processes have been attempted [396], but again
lower quality film synthesis is produced as compared to vapour deposition grown
TiO2 [398].
2.1.2 CVD and related methods
CVD [399-401] is a chemical deposition process incorporating precursor
vaporization and transportation to a reaction chamber. Precursor vapours
subsequently diffuse across substrate surfaces and can undergo gas phase
reactions followed by chemisorption, chemisorption with subsequent reaction, or
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decomposition. All reactions generate volatile by-products, subsequently removed
through reaction via the flow of gas through the chamber. CVD film synthesis
advantageously results in greater conformity and uniformity across uneven
substrate surfaces, but pales in comparison to ALD. Many variant CVD processes
exist, with some of the more notable processes mentioned below:


Plasma Enhanced Chemical Vapour Deposition (PECVD) [399] utilizes an
identical chemical process to CVD, but increases precursor reactivity
towards substrate surfaces by introducing a plasma to the reacting
precursor vapour phases.



Atmospheric Pressure Chemical Vapour Deposition (APCVD) [399, 402]
utilizes an identical chemical process as conventional CVD, but at
atmospheric pressure.



Aerosol Assisted Chemical Vapour Deposition (AACVD) [402] utilizes a
nebulizer to create an aerosol from solvent dissolved non-volatile
precursors with subsequent transport to substrates.



Direct Liquid Injection Chemical Vapour Deposition (DLICVD) [403] (also
known as Atomic Vapour Deposition (AVD)) similarly utilizes non-volatile
liquid and solid precursors dissolved into solvent, however, is followed by
direct chamber injection above substrates. Non-volatile precursor utilization
at high temperatures enhances processing, however, also generates
increased impurity concentrations from the solvents usage.



Combustion Chemical Vapour Deposition (CCVD) [404] (also known as flame
pyrolysis) is an open atmosphere, flame based deposition process.
Precursor addition to a burning gas near a substrate surface creates highly
reactive intermediates, which synthesize a strongly adhered film through
efficient substrate reactions. Advantages include process cost effectiveness,
controllable thickness through varying process parameters and open
atmosphere deposition. However, disadvantages include the incorporation
of film impurities and the limitation to predominately oxide deposition.
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Metal-Organic Chemical Vapour Deposition or Metal-Organic Vapour Phase
Epitaxy (MOCVD/MOVPE) [405] are similar growth processes that utilize
metallorganic precursor chemical reactions in contrast to physical
deposition for multilayer growth. Initially, vaporized precursors are
combined at elevated temperatures in the reaction chamber. Heated
precursors then undergo pyrolysis (decomposition in absence of oxygen),
creating a layer of atoms on the substrate surface. Subsequent layer growth
progresses through second precursor reaction with the initial layer, and
generated by-products undergo gas flow removal. In MOVPE, crystalline
films are produced through initial epitaxial growth at the substrate surface.
Additionally, MOCVD advantageously provides straightforward multi-layer
structure growth.

The final method within the general category of a CVD process is ALD. Since this
deposition method is utilized within this research, current ALD technology and
possible improvements are discussed in greater detail beneath.
2.1.3 ALD
ALD is a self-limiting deposition method (figure 2.1) [406]. In a typical ALD process,
vaporized precursors are sequentially pulsed into the reaction chamber and
chemisorb onto substrates or previously chemisorbed surfaces. Additionally,
purging of any unreacted precursor or reacted by-products occurs between
sequential precursor pulsing, through utilizing an inert gas flow and a vacuum
pump. Furthermore, precursor diffusion can occur across substrate surfaces,
providing alternative saturation surface reactions that proceed in a step-wise
manner to ensure a self-limiting growth process (figure 2.1).
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Figure 2.1: ALD process [406]
ALD requires precursors with; sufficient volatility (below decomposition
temperatures), no self-reaction or self-decomposition during self-terminating
reactions and highly volatile by-product generation for efficient purging [407]. All
precursors possess individual substrate temperature ranges for potentially
achieving saturated self-limited growth during the ALD temperature window (figure
2.2). Comparatively, temperatures greater than the ALD window can provide either
re-evaporation after physisorption or CVD island growth from precursor
decomposition. In comparison, decreased temperatures result in either negligible
film growth or precursor condensation. Therefore new precursors typically undergo
initial deposition experiments, highlighting precursor-specific temperature
windows and determining ideal growth rates necessary to result in maximum
growth rate per cycle with negligible impurities.
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Figure 2.2: ALD temperature window [407]
To summarize, ALD provides highly uniform, low pinhole density and conformal
film growth across substrate surfaces. ALD is advantageous with; film thickness
control, good reproducibility, relatively low substrate temperature utilization and
good lamination on previously generated multilayer structures [406].
However, ALD growth rates are often too slow for high throughput industrial
processing, indicating the need for scale up [408]. Furthermore, complications in
reactant handling and injection, and problems with uniformity over greater surface
areas, arise from scaling up processing in the literature [408]. Several possibilities
for the scale up of ALD processes have been identified (figure 2.3):


Batch ALD – using a single reaction chamber to process multiple substrates
with both increased reactant exposure and purging time required.



Large area ALD – film deposition on a large substrate or a batch of
substrates with identical disadvantages as batch ALD.



In-line and spatial ALD – typically involve back and forth or circular
substrate movement through disparate precursor pulsing and purging
areas, to ensure full exposure, high film quality and deposition rates.
However, throughput is limited and high pressure operation is required for
purging.
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Roll to Roll ALD – flexible substrates pass through confined precursor gases,
achieving good film uniformity by varying the precursor gas pressures and
substrate temperature.

Figure 2.3: Different ways of scaling up ALD for industrial processes: a) Batch ALD,
b) Large area ALD, c) spatial ALD, d) in-line ALD, e and f) roll-to-roll ALD [408].
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Through utilizing the above mentioned ALD processing variables for scaled up
manufacture, large substrates and flexible substrates can both undergo ALD film
growth. Doped film growth, however, provides a greater challenge with dopant
precursors substituting for bulk film precursors between purges without mixing,
extending ALD cycle time and hence generating increased deposition times.
2.1.4 ALD doping cycles
As previously outlined, the ALD process utilizes doping cycles to grow layered
materials, for example; metal oxides are typically grown through sequential pulsing
of metal and oxidative precursors. However, doped materials can be synthesized
though utilizing either a dopant/non-dopant precursor mix or nanolaminate dopant
layer substitution.
A heterogeneous dopant/non-dopant precursor possessing the required dopant
concentration could potentially either be mixed in the bubbler or from separate
bubblers (using a precursor pulsing ratio) prior to transport to the ALD chamber.
This doping process provides potential to generate a homogeneously doped film
through ALD [409, 410]. However, both dopant and non-dopant precursors would
require similar ALD temperature window properties and to also not undergo
vapour phase reactions with each other.
In contrast, nanolaminate dopant layer substitution occurs through either cationic
or anionic (figure 2.5) dopant precursor cycle substitution of a regular ALD pulse
(figure 2.4). These dopant precursor pulses are substituted at set ratios (dopant
cycles per ALD cycle), dependent on eventual doping concentration required [163].
Therefore a near-complete nanolaminate dopant monolayer can be generated,
dependent on a sufficient dopant precursor residence time (ALD pulse time before
chamber purging). However, on annealing, smaller dopant ions can diffuse
throughout lattices to occupy interstitial sites, resulting in greater dopant ion
distribution [411].
Within this research, cationic dopant growth cycles have been periodically utilized
to substitute titanium growth cycles (figure 2.5). Additionally, a subsequent
oxygenating precursor pulse is utilized to supposedly create a nanolaminate dopant
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oxide layer specifically incorporated into Ti1-xO2:Mx lattices and thus induce the
correct surface conditions for further titanium precursor chemisorption. However,
subsequent Ti1-xO2:Mx film annealing would potentially vary expected dopant
location.

Figure 2.4: Regular ALD cycles for a metal oxide synthesis (namely TiO2 using
TDMAT (tetrakis(dimethylamino)titaniumIV) and an oxidative precursor) [412]

Figure 2.5: Nanolaminate substitutional cation and anion doping cycles for
synthesizing a doped TiO2 film [205, 413]
By varying the precursors, temperatures and residence times, it is possible to
change the doped film constitution. Insufficient residence time, sterically hindering
“bulky” precursors and low temperatures would not generate full dopant
monolayer growth. Therefore more dopant pulses are required to ensure correct
ratio percentages, which would also provide increased dopant distribution. In
contrast, longer residence times and the use of less sterically hindering precursors
can ensure complete monolayer coverage and therefore the required
nanolaminate dopant layer. Subsequent amorphous film annealing at elevated
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temperatures provides the required energy to increase dopant diffusion
throughout the film matrix, as discussed later.
In contrast, doped film synthesis in sol-gel or CVD processes typically occurs by
previously mixing required precursor (dopant and non-dopant) concentrations,
prior to film growth. CVD or sol-gel processes subsequently provide greater dopant
distribution throughout the films. In addition, CVD processes suggest increased
dopant surface concentrations [414].
Therefore, ALD has been utilized in this research as the deposition method of
choice with TiO2 cationic nanolaminate doping provided through substitutional
deposition. ALD was chosen predominately due to its potential batch processing
capabilities, conformality [415], controllability [166] and repeatability towards film
growth across varied, high aspect ratio substrates [416] in contrast to alternative
deposition and doping techniques.
2.1.5 Annealing
In general, annealing is utilized to modify the physical and/or chemical material
properties through elevated heat treatment. This typically results in the onset of
crystallinity [417] and encouraging dopant or impurity diffusion [418, 419] or
impurity removal [420].
In this work annealing of TiO2 is utilized to induce anatase formation (≤550 oC)
within previously deposited TiO2 films [162]. Therefore, heating and maintaining
amorphous TiO2 above the recrystallization temperature (≤220 oC), provides
sufficient energy for Ti-O bond cleavage and subsequent atomic migration,
eradicating defects. In addition, slow heating is beneficial in terms of homogeneous
nucleation and crystallite generation, reducing grain boundary concentrations and
promoting preferable single crystal nucleation [162, 421].
Annealing also generates thermally stable crystalline structures (rutile) at higher
temperatures (≥550 oC) [422], reduces disorder [106], and removes film impurities
[106]. However, smaller dopant ions (as purposely incorporated impurities) can
diffuse throughout the TiO2 film via substitutional or interstitial sites to create an
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increasingly homogeneous film. Additionally, smaller dopant ions can also undergo
surface or grain boundary aggregation [423] developing large dopant oxide areas in
the bulk TiO2, blocking charge carrier diffusion. Furthermore, utilizing oxidizing or
reducing atmospheres during annealing can alter the bulk to surface oxygen
diffusion gradients, providing variations in film defect concentrations [114].
In this research, annealing of TiO2 and doped TiO2 films at 400 oC in air was
attempted to provide both anatase crystallite growth and high bulk oxygen defect
concentrations (VO../Ti3+), designed to influence photocatalytic activity. For this
procedure a ThermolyneTM Benchtop 1100 oC Muffle Furnace was used, set
typically to 400 oC, for up to two hours in air. A closed system was used at
atmospheric pressure.
2.2 Analytical techniques
The specific analytical techniques undergoing utilization here are summarized in
the following chapters. Each summary is not meant to be comprehensive and
therefore only provides limited information on technique; theory, methodology,
specifications utilized and specific measurements made. Comparisons between
differing techniques are also discussed relating to subsequent research chapters.
2.2.1 Grazing Incidence X-Ray Diffraction (GIXRD)
GIXRD determines the crystalline or amorphous structure possessed by a film and
specific crystalline structure/s present [424]. This is accomplished through
mounting and subsequent alignment on a goniometer with further X-ray
bombardment across a broad 2ϑ range identifying specific crystalline structures
through detected reflections.
Crystals are defined as “regular atomic arrays” and generate seven unique single
unit structures, stacked indefinitely along three principal directions (x, y and z)
creating fourteen possible bravais lattices [425]. X-rays (electromagnetic radiation
waves) strike atomic electrons in crystal structures producing secondary spherical
waves (elastic scattering). A regular spherical wave array is fabricated by regular
symmetrical crystal atomic arrays possessing specific d-separations between
diffracting miller planes. Additionally, waves undergo both destructive interference
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and constructive addition, as determined by Bragg’s Law (equation 2.1) [425] with
d corresponding to spacing between miller planes, ϑ = beam incident angle and λ =
incident beam wavelength.

2dsinθ = nλ

Equation 2.1

Constructive inference occurs in directions with length difference (2dsinϑ) equal to
a beam wavelength multiple. Subsequently, the 2ϑ angle deflects incoming beams
with crystalline material producing a reflection spot on detection. Crystalline
material further provides a regularly spaced spot (reflections) diffraction pattern,
observed at different sample rotations through 2ϑ, as determined by material
electron density [425]. Furthermore, graphed data peaks therefore correspond to
certain crystalline Miller planes within films.
In the presented research, GIXRD is utilized to determine specific crystalline phases
(anatase, rutile or brookite) of undoped and doped TiO2 films. Typically, TiO2
anatase indicates greatest photocatalytic activity potential with a predominant 101
miller plane peak occurring at 25

o

2ϑ [424]. Additionally, peak broadening or

relocation on annealing or within doped TiO2 films would suggest alternative film
structures and could be indicative of increasing photocatalytic activity, relating to
the ART [37, 426, 427].
In this research GIXRD was performed using a XpertPRO PANalytical XRD machine,
with scans typically between 20-60

o

2ϑ and utilizing; rocking curve, 30 beam

intensity for alignment, 45 beam intensity for measurement and a Cu/Ni 0.2/0.02
nm manual attenuator. Furthermore, Si<100> substrate samples were aligned to
unit cell (100) Si 004 peak.
2.2.2 Scanning Electron Microscopy (SEM)
SEM measurements were utilized to determine surface morphology, estimate film
thickness and highlight surface features or structure (smooth/granular). SEM is
achieved via the use of focused electron beam, which performs a raster pattern
scan of films, exciting atoms to emit electrons, with higher tilt (angle between
electron beam and film surface) resulting in increased emitted electrons.
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Subsequently, the emission intensity from the scanned areas is used to create an
image. After image generation, the line measurement function can estimate film
thickness with tilt and cross section corrections.
In the research performed here, glass based substrate insulating properties can
affect the images, resulting in surface charging and other image faults [428].
However, negating charging effects through gold or gold/palladium alloy sputter
coating is possible [429]. Furthermore, TiO2 film thickness estimates, morphology
and unusual surface structure variances between disparate samples characterise
possible favourable growing conditions and film crystallinity [19].
In this research, the following conditions were utilized on a Quanta 650 SEM, which
are identical for EDX. Images were produced at 1.5 nm resolution, with a 30 kV
beam power and 2.5 a.u spot size for SEM, and a 20 kV beam power and 5 a.u spot
size for EDX. For compositional data from EDX, INCA software was utilized with
peaks compared against a cobalt standard.
2.2.3 Energy Dispersive X-ray spectroscopy (EDX)
EDX occurs through stimulating X-ray emission by electron beam excitation of an
inner-shell electron, creating a hole which is subsequently filled by a higher energy
outer-shell electron. The energy disparity between both levels involved generates
emission of X-rays with emitted X-ray energy and intensity providing elemental
characterisation. Subsequently, X-rays produce a signal at the detector, undergoing
conversion into a voltage, conveyed to a pulse processor for measurement and
subsequently sent to an analyser. The analyser then displays voltages in graphical
format with manually assignable peaks, previously standardized with certified
cobalt [430].
However, analysis of small sample volumes containing an even smaller volume of
active film under examination typically results in signals being dominated by
substrate features [431]. This is particularly applicable for the work described here,
where the presence of species at dopant concentration levels in films of thickness
between 10 and 40 nm has been investigated. Therefore an alternative method
was required for the present research as described in the following section.
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Additionally, using EDX on the TEM would be particularly unsatisfactory for the
study of Ga3+ doping (see chapter 6), since a Ga3+ FIB beam is used to prepare the
TEM sample, generating a significant concentration inaccuracy [432]. Therefore
depth profiling XPS (as described in the following section) was solely utilized here in
order to provide more reliable estimates of dopant concentration and location.
2.2.4 Transmission Electron Microscopy (TEM)
TEM involves the transmission of an electron beam through a sample thinned by
using a focused ion beam system (FIB) with the resulting diffracted transmitted
electron beams producing images [433]. Typically, diffractive electrons are focused
using an objective lens and recombined to generate an image, namely the electron
diffraction pattern. The deployed electron beam also results in ionisation of the
target atoms, giving rise to so-called secondary electron emission and also X-ray
emission. The analysed emitted X-ray energies can further reveal sample
composition [434], known as energy dispersive analysis of X-rays or EDX.
TEM advantageously provides greater resolution (≈1 Å) compared to SEM (≈10 nm),
with TEM typically distinguishing internal crystalline atomic columns and SEM
utilized more frequently for the analysis of sample surface composition and
morphology. Furthermore, HRTEM (high resolution transmission electron
microscopy) can be performed under conditions to provide individual atomic
resolution. Therefore HRTEM is particularly advantageous for defect or disordered
structure determination [433]. However, TEM possesses significant limitations:


An assumption of similarity throughout the films studied, based on minimal
observational area utilization and relying on prior poorer resolution
technique examination across greater areas.



Difficult interpretation of a 2D transmission image formed from a 3D
structure [434], however, electron tomography may be used to create a 3D
image through utilization of an image sequence at different tilts.



Damage from ionizing electron beam radiation may occur, with damaged
regions appearing as brighter regions following bombardment. Such effects
are exacerbated on utilization of greater voltages and exposure times.
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However, this type of damage can be sometimes offset using computational
image enhancement methods and by utilization of alterative electron
sources and detectors.


Observe different atoms with similar atomic size can be difficult in a typical
TEM system. An example of this applies to present work with vanadium
doping of TiO2, see chapter 4.

Despite these limitations, TEM was utilized in the research described here to
provide an accurate estimate of TiO2 film thickness, and to gauge film morphology
(polycrystalline anatase or amorphous).
In the work described here, a FEI Quanta 3D 200i Dual Beam Focused Ion Beam
(FIB) microscope was utilized. Protective layers of TEOS (tetraethyl orthosilicate)
and W(CO)6 (tungsten) deposited using electron beam-induced decomposition.
Platinum was deposited from methylcyclopentadienyl(trimethyl)platinumIV by
using electron beam induced deposition. Electron beam induced deposition was
performed at 5 kV 5.5 nA for both TEOS and W(CO)6, whilst ion beam induced
deposition of platinum occurred at 5 kV 1.4 nA. The electron source was a tungsten
filament emitting electrons via thermionic emission. The ion beam source was
gallium (Ga3+) and was initially used to polish surfaces at 30 kV 100 picoamps on
both sides of the lamella. Further polishing at 5 kV 48 picoamps until the lamella
were under 100 nm thick, which is the typical requirement for TEM imaging.
The TEM system used in these experiments was a JEOL 2100 TEM system, equipped
with a LaB6 filament electron source, operated at 200 kV. A Gatan double tilt
sample holder imager was used giving a max resolution of: 0.21 nm. The system
calibration was achieved using the MAGICAL TEM standard, performed by Dr
Patrick Carolan and Dr Micheal Schmidt.
2.2.5 Raman Spectroscopy
Raman spectroscopy typically provides information on the nature of the vibrations
that occur within a sample from a change in polarizability. Subject to TiO2-based
materials here, Raman spectroscopy reveals phonon spectrum nature of the
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material, which can undergo variation with crystalline type and degree of
crystallinity [435].
Typically, visible/near IR wavelength high intensity monochromatic light radiation
passing through a TiO2 film induces an oscillating polarization in the electron cloud.
This is sequentially modified by the vibration in question to create an excited
“virtual” electronic state. Subsequent virtual state “emission” involves the system
relaxing to either a higher excited vibration state than the initial (ground) state
(Stokes) or a lower vibrational state (anti-Stokes) [436]. Although adequately
explained by the virtual state description, in reality Raman is a scattering
phenomenon without direct light absorption.
Furthermore, Raman-scattered photons emerge at either higher (anti-Stokes) or
lower (Stokes) energies, as compared to the energy of the exciting radiation, which
itself appears in the form of Rayleigh (elastically scattered) radiation. A
monochromator subsequently collects the Raman-scattered electromagnetic
radiation, filtering out the Rayleigh scattering and dispersing either Stokes or antiStokes emitted photons onto a detector.
In the research described here, Raman spectroscopy was utilized in to study both
undoped and doped TiO2 films, typically focusing on the phonon spectrum as a
measure of type and extent of crystallinity. This was feasible as both anatase and
rutile are known to exhibit six or four Raman active modes, respectively [1].
Anatase modes are labelled as: A1g + 2B1g + 3Eg and rutile modes as: A1g + B1g + B2g +
Eg with labels referring to symmetry of modes in question.
The experiments described here utilized an Invia Reflex Micro Raman Renishaw in
backscattering mode with a 514 nm argon ion laser, focused to 1 µm spot size and
possessing 1.5 mW in terms of power. Raman measurements were performed by
Dr. Mircea Modreanu.
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2.2.6 X-ray Photoelectron Spectroscopy (XPS)
In this work, TiO2 film elemental compositions, empirical formulas and chemical
and electronic states to a depth determined by photoelectron escape depth and
inelastic mean free paths, were typically measured by XPS [437].
XPS operates via irradiation of a sample with an X-ray beam of known wavelength,
producing photoelectrons through the ionisation of electrons in core levels. These
photoelectrons may be subsequently emitted from the sample and analysed with
respect to possessed energy.
As the X-ray wavelength is known (Ephoton) and emitted electron kinetic energies are
recorded (Ekinetic), electron binding energies (Ebinding) are generated (Equation 2.2).

Ebinding = Ephoton – (Ekinetic + φ)

Equation 2.2

In equation 2.2, work function (Φ) depends on the spectrometer and is a known
parameter. Therefore by electrostatically measuring the kinetic energy of the
electron, the exact binding energy can be calculated, assuming that the incident Xray photon energy is known.
Individual elements possess specific binding energies associated with electrons in
various energy levels, generating characteristic peak spectra on collection. Binding
energies directly correspond to atomic electron configurations (1s, 2s, 2p, etc.) and
peak intensities correlate to detected elemental concentration, which may be
further converted into atomic percentages [438]. However, hydrogen and helium
are not detected through XPS analysis [439].
Typically, generated XPS spectra possess variation in peak positions arising from
the following phenomena:


Peak energy variations or shifts are often detected from identical core levels
but where a chemically disparate environment exists for the target atom.
For instance, XPS energy peak energy will shift by approximately 1 eV per
unit change in oxidation state. Peak position is also influenced by the
hybridization nature of the orbital in question. For example, the increase in
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binding energy detected between carbon-carbon: 284.8 eV, carbon-oxygen:
286 eV and oxygen=carbon-oxygen: 288 eV bond electrons, correlates to
increasingly higher energy required to eject a 1s electron from the carbon
atom in disparate environments [440, 441].


Peak positions may also be influenced by spin-orbital coupling with doublet
and triplet peaks, particularly for photoelectrons originating from p, d and f
orbitals. For example: Ti2p presents two spin coupling modes 2p1/2 and 2p3/2
creating a doublet of doublet in a 2:1 size ratio [418].



Auger peaks also complicate XPS spectra, originating from secondary
electron emission on some core hole-filling internal relaxation events [437].

Differing XPS parameters are utilized for either bulk or surface analysis. Bulk depth
profiling occurs via utilization of an argon ion beam (2-4 keV) or an argon plasma
cluster (5-10 keV) [442, 443] to etch surfaces and expose bulk material for analysis.
This generates elemental identification and relative atomic concentrations as a
function of increasing sample depth. However, interactions with positively charged
argon ion beam or cluster etching can alter the chemical and electronic states [444,
445]. Contrastingly, surface angled XPS operates through reducing the X-ray beam
surface irradiation angle to simultaneously decrease escape depth and increase the
sampled surface area. This creates an analysis limited to surface and near surface
regions only [437].
In the research presented here XPS spectra were measured by Dr.Fathima Laffir at
MSSI Limerick. The instrument used was a Kratos Ultra DLD spectrometer,
operating at a sample temperature of 20-30

oC.

The X-ray gun was a

monochromated Al Kα, operating at; 1486.58 eV 150 W (10 mA, 15 kV). The pass
energy was 160 eV for survey spectra and 20 eV for narrower, higher resolution
scans. The step size employed was; 1 eV for survey scans and 0.05 eV for all other
regions. The dwell times used were 50 ms for the survey scans and 100 ms for all
other regions. Typically, 12 sweeps were recorded for every survey scan and 5-40
sweeps for high resolutions. Calibration of the system was achieved by charge
referencing to the C 1s line at 284.8 eV. Other spectra were collected in the
direction normal to the surface. XPS detection limits were estimated at 0.1 atm%. A
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quantitative analysis mode was used for both survey and high resolution spectra
undergoing Ar+ sputtering. The analysis areas were: 1 mm2 with 10 nm depth
penetration. During data processing, synthetic peak construction (mixed GaussianLorenzian type) and peak fitting in narrow region spectra were utilized, alongside a
Shirley type background. Relative sensitivity factors (RSF) values were used for
individual peaks from CasaXPSlibrary containing Scofield cross sections.
2.2.7 Secondary Ion Mass Spectroscopy (SIMS)
SIMS is a sensitive, high vacuum (<10-4 Pa), but destructive analysis technique to
measure the chemical composition of a surface or bulk sample of material [446]. A
signal is generated through firing a focused primary ion beam (usually electron
ionized noble gases: Ar+, Xe+, oxygen; 16O2+) [446] towards a surface at an energy of
several keV, which sputters the target region. A representative fraction of
sputtered species (ejected secondary ions) undergoes mass spectrometric
detection to generate chemical profiles versus average depth, incorporating sample
surface removal with ion beam exposure. SIMS typically possesses detection limits
of ca. 1012-1016 atoms cm-3 for most elements, but the sensitivity is process
dependent, requiring the use of calibration standards for reliable measurements
[447].
Furthermore, SIMS processing can either be dynamic or static [446]:


Dynamic SIMS utilizes a raster scan pattern, where the surface ion beam
sputtering removes several layers to provide fragmented species, including
secondary ions which are detected using mass spectrometry. However, the
process involves considerable disruption of sputtered surface layers and so
reliable compositional estimates of nanostructured layers are difficult to
achieve.



Static SIMS utilizes a slow removal of surface layers under less damaging
conditions providing suitability for surface or near surface analysis.

For the research detailed here, dynamic SIMS was utilised to provide depth profile
information regarding a range of doped and undoped TiO2 samples.

70

All SIMS spectra presented in this thesis were measured by Dr.Alison Chew at
Loughborough Surface Analysis Ltd, using a DektakXT Stylus Profiler. O- and Cs+
were the primary ion species used with 10 keV energy. For O- utilization; a 10 nA
current, 125 µm raster size, positive secondary ions, a 10 µm analysed area and No
2 contrast aperture were all used. For Cs+ utilization, a 20 nA current, 100µm raster
size, negative secondary ions, 30 µm analysed area and No 3 contrast aperture
were all used. A 150 µm transfer lens and 250 mass resolution were also utilized.
2.2.8 UV/Visible light spectrophotometry and Tauc plot
Typically, light incident on a sample can provide absorption (A), reflectance (R) and
transmittance (T) processes, which are equatable to both emitted light intensity (I)
and light intensity irradiation (Io). Most films also produce scattering, but to a first
approximation this can be often neglected for samples appearing highly
transparent. Furthermore, as indicated in equation 2.3, the percent absorbance can
be determined from a rearrangement of the Beer-Lambert law. The Beer-Lambert
law reveals an exponential relationship between light intensity before (Io) and after
(It) passing through the sample, in relation to the molar absorptivity (ε),
concentration (c) and pathway length (l).

100% = R + T + A
It/I0 x 100 = %T
A = log(%T/100) = εcl

Equation 2.3

As previously discussed, pure undoped TiO2 is a transparent wide band gap
semiconductor (3-3.3 eV), only capable of absorbing UV light. In the research
presented, accurate determination of band gap for various undoped and doped
TiO2 samples was achieved by utilizing the Tauc plot approach. Tauc plots have
been utilized to estimate band gap size to an accuracy of 0.001 eV [448]. To
generate a Tauc plot, it is necessary to calculate the absorption coefficient (α) as
shown in equation 2.4. Equation 2.4 [448] is reliant on the bandgap energy (Eg), the
transition nature (n), the light wavelength (hν) and the individual film thickness (x).

71

(αhν)1/n = C(hν-Eg)
It = I0eαx, It/I0 = T
T = (1-R)2eαx
Ln(T/(1-R)2 = αx
(Ln(T/(1-R)2)/x = α

Equation 2.4

Once the values for the expression (αhν)1/n have been calculated, further analysis
subsequently depends on the nature of the material in question in terms of correct
choice of n. For a direct band gap material n = ½, whilst for an indirect band gap
material n = 2.
In relation to the work presented here, UV/visible spectroscopy was utilized to
measure film transmittance. Additionally, reference background measurements
were recorded from bare substrates (Vitreosil®077 optical fused quartz (chapters 4
and 6) or coring micro slide plain glass (chapter 6)) for subtraction from spectra
generated for various substrate/film combinations.
Furthermore, anatase TiO2 possesses both indirect and direct band gap
contributions [35]. So appropriate fitting usually corresponds with values closest to
typical 3-3.2 eV range, especially for low values of film thickness (<40 nm).
However, indirect TiO2 contributions are unfavourable, occurring at higher band
gap [1] and also requiring additional phonon momentum.
In this work an UV-2401PC Shimadzu spectrometer was utilized. Wavelength range
of 190-900 nm, resolution of 0.1 nm, spectral bandwidth of 2 nm, wavelength
repeatability ±0.1 nm and wavelength accuracy of ±0.3 nm with a medium
wavelength scan speed. A 50 W halogen lamp (2,000 hours life) and a D2 lamp (500
hours life) were utilized with a light source lamp switching between 282 nm and
393 nm and having less than 0.015 % stray light at 220 nm and 340 nm. A
photometric double-beam, direct ratio system with dynode feedback was used,
capable of measuring the absorbance, reflectance, transmittance and energy of
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samples across a photometric ranges for absorbance: 4-5 %, transmittance: 0-99.9
% and reflectance: 0-99.9 %. Photometric accuracy of: ±0.002 for absorbance
values of 0-0.5, ±0.004 for absorbance values of 0.5-1 and ±0.3 % for transmittance
values of 0-100 % with a NIST 930D filter. Photometric repeatability of: ±0.001 for
absorbance values of 0-1 and ±0.1 % for transmittance. Baseline correction is
selectable with storage in firmware, including a baseline flatness within absorbance
values of ± 0.001, excluding noise with a 2 nm silt width and SLOW wavelength scan
speed. Less than 0.0004 absorbance drift per hour.
2.2.9 Water Contact Angle Measurements
Water contact angle measurements are used to probe the “wettability” of a solid
surface by a liquid according to Young’s equation in equation 2.5 [449].

γSG – γLS –γLGCosθc = 0

Equation 2.5

In Young’s equation, (equation 2.5 and figure 2.6) (γSG), (γLS) and (γLG) correspond to
the solid-gas, solid-liquid and liquid-gas interface energies respectively with (θc)
generated from the angle between a surface (γLS) and a water droplet tangent (γLG).
a)

b)

Figure 2.6 a and b) Young equation diagram and hydrophobic/hydrophilic contact
angles
Surface wettability corresponds to water droplet spreadability across film surfaces
with increased or decreased spreading indicating greater hydrophilicity (≤90 o) or
hydrophobicity (>90 o), respectively. In particular, complete surface wetting (<15 o)
is known as superhydrophilicity, with superhydrophobicity (>150 o) corresponding
to near complete surface un-wetting. Superhydrophilicity typically corresponds
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with increased run-off capability [292, 450] a feature which is used to enhance the
rinsing away of degraded pollutant residues from self-cleaning TiO2 surfaces.
Typically hydrophilicity (similar to photodegradation) corresponds to significantly
high surface ROS concentrations [451]. TiO2 surfaces irradiated with UV light
commonly exhibit hydrophilicity [452], which is created through either:


Surface lattice oxygen trapping of photogenerated holes diffusing from
bulk TiO2, weakening bridging Ti-O binding energies, dissociating surface
water molecules and generating surface hydrogen bonding.



Electron surface diffusion creating double VO.. at oxygen bridging sites,
increasing surface affinities towards surface water molecule dissociation,
further generating both hydroxyl groups and hydrogen bonding.

Therefore, significant surface ROS generation induces hydrophilicity and also
indicates possible photocatalytic activity [453]. Additionally, in the context of this
present research both hydrophilicity and photocatalytic activity may be increased
by the inclusion of specific dopants into TiO2. Furthermore, after submersion in
darkness for a significant period, the UV light-activated surface wettability typically
reverts to the pre-irradiated state [454]. This indicates repeatable ROS generation
and therefore also potentially continued activity towards photomineralization.
A standard measurement method (ISO/WD 27448-1) for water contact angle
measurements utilizes a goniometer. In this method, water droplet application to
the sample surface occurs through a perpendicular syringe. The droplet shape on
the surface is examined utilizing droplet image processing software, which also
utilizes Young’s equation (equation 2.5), to derive angles between the both
tangents to the surface and water droplet, respectively. Average surface contact
angles are formulated through either;


Proportionally increasing the droplet size with resulting contact angle
measurement (maintaining identical surface contact area and minimizing
hysteresis) [455].
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Or (as in this research) measuring multiple contact angle droplets, indicating
film surface growth homogeneity across surfaces.

However, water contact angle measurements are significantly affected by both;
relative humidity [456] and surface roughness [457]. Relative humidity can alter
initial water droplet spread and increase evaporation e.g. low relative humidity.
Therefore, it is essential to operate under reproducible conditions of relative
humidity, with conditions typical of a normal room environment. Additionally, film
surface roughness also modifies surface area wetting characteristics. Dependency
on this roughness factor, suggests that smoother or rougher films typically
generate increased hydrophilic or hydrophobic natures, respectively.
In the present research the SCA20 software system was utilized for contact angle
measurements. Both 1.0 µL water droplet sizes and 1.0 medium droplet speed
were utilized with seven contact angles measured. Two outlying contact angles
were removed to result in an average of five measurements. Typically, contact
angle measurements were performed on samples before and throughout UV light
irradiation (at 30 and 60 minutes irradiation). Samples were then situated in
darkness for a week (10800 minutes) to evaluate Pilkington ActivTM hydrophobicity
rejuvenation after UV light irradiation.

2.2.10 Organic Photocatalytic Degradation Techniques
The use of various methods of surface organic degradation to determine the
degree of photoactivity in the material is diverse and reported extensively in the
literature. Unfortunately, most studies occur without consideration of appropriate
standardization

[286,

458-460].

Stearic

acid

decomposition,

ink/dye

photodegradation and microbiological sanitization undergo frequent utilization.
However, these studies typically present disparate light irradiation, degradation
material

and

photocatalyst

or

degradation

material

concentrations.

Photodegradation techniques usually specify a particular material degradation
process, but have generated a number of comparability issues.
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However, the following sections attempt to summarize, compare and contrast the
range of TiO2 photocatalytic surface degradation techniques, highlighting specific
advantages and disadvantages, as well as present standardization.
2.2.10.1 Stearic acid decomposition and Fourier Transform InfraRed spectroscopy (FTIR)
Stearic acid (C18H36O2) is an elongated carbon chain molecule with carboxyl group
termination, which undergoes mineralisation into CO2 and H2O on UV/visible light
activated TiO2 [267, 461, 462]. The basic mineralisation procedure initially involves
stearic acid dissolution in methanol, spin-coating for uniform coverage and drying
across a TiO2 film surface. Subsequently FTIR analysis is used to monitor
photocatalytic degradation on UV/visible light exposure.
FTIR spectroscopy monitors the stearic acid degradation by following the rate of
disappearance of the IR bands corresponding to the CH3 asymmetric stretching
mode (2958 cm-1) and the CH2 asymmetric and symmetric (2923 and 2853 cm-1) CH stretching modes during irradiation. This quantifies the photodegradation
process and provides data suitable for reliable degradation rate calculations.
Stearic acid photomineralization proceeds through photogenerated TiO2 surface
ROS, initially degrading stearic acid molecules into smaller carbon chains and
further into CO2 and H2O with complete photomineralization.
However, to date, only very minimal attempts to standardize this technique are
found in the literature. Examples of parameters that widely vary between analyses
include; sample size, spin coater rotational frequency and stearic acid
concentration [16, 463]. As a consequence, samples studied often consist of films
of widely varying thicknesses, providing difficulties on comparing experiments
performed in disparate laboratories. Another rarely mentioned disadvantage
influencing a range of studies performed in the manner described is the “coffeemug” effect [464] resulting from drying after spin coating deposition. The “coffeemug” effect easily results in non-uniform deposition thicknesses with stearic acid
accumulation

into

ridges

across

TiO2
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surfaces

generating

differing

photodegradation rates. However, the “coffee-mug” effect could be negated
through utilizing different spreading/drying techniques, such as dip coating [460].
2.2.10.2 Photocatalytic dye/ink degradation
Photocatalytic dyes are organic coloured compounds indicating oxidative or
reductive degradation on photo-irradiation with UV light in the presence of an
activated photocatalyst (e.g. UV light irradiated TiO2). Typically, photocatalytic dyes
undergo three degradation mechanisms; through direct (exciton-based) hole
oxidation, direct (exciton-based) electron reduction or exciton synthesized hydroxyl
group attack. These degradation mechanisms result in disparate photocatalytic
degradation rates amongst differing dye family functional groups, for example; azodyes [465, 466], triphenylmethane and anthraquinone [467, 468].
However, photocatalytic degradation is also dependent on a number of other
factors such as surface TiO2 adsorption characteristics [469], the light source
deployed [468] and the presence of any contaminants such as inorganic salts [470].
Photocatalytic degradation typically occurs through either colour bleaching (dyes
such as; methylene blue (figure 2.7), methyl orange (figure 2.7), rhodamine B
(figure 2.7), basic blue 66 (figure 2.10) and acid violet 7 (figure 2.10)) or colour
switching (dyes such as resazurin (figure 2.9)). Both types of dyes provide a
quantifiable estimate of the rate of photocatalytic degradation through
deterioration in colour intensity with light source exposure time.
Methylene blue bleaching has been frequently deployed in studies of
photocatalytic degradation by UV or visible light irradiated TiO 2 in the literature
[89, 337, 453, 471-475]. However, methylene blue bleaching has not undergone
proper standardization and as such reported studies often utilize disparate
methylene blue dilutions, photocatalyst quantities and light intensities. Therefore
to provide sensible comparisons between contrasting studies is difficult.
Also suffering from a lack of standardization in various reported studies, the
bleaching of photo-oxidative dyes such as methyl orange [476] and rhodamine B
[134, 177, 187, 477] has been reported under widely varying conditions of; dye
concentration, irradiation intensity and reactor design.
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Figure 2.7: The dyes often utilized to measure photocatalytic activity of UVactivated TiO2 surfaces. Top left; methyl orange, right; methylene blue and bottom;
rhodamine B.
However, Bae [478] highlighted limitations of dye degradation standardization,
suggesting efficiency of dye decolourization is poorly correlated with dye
mineralization under visible light irradiation. Furthermore indicating high method
specificity towards both dye and photocatalyst with certain combinations providing
disparate photodegradation rates. In particular:


Both dye sensitization and bandgap excited photocatalysis can contribute to
the dye decolourisation,



The dye decolourisation indicates chromophore group deterioration, but
not full photodegradation,



The dye degradation depends on respective concentration,



Absorption monitoring at a specific wavelength cannot provide accurate
data about the dye degradation kinetics.

In contrast, a range of photocatalytic inks consisting of; stabilizing polymers,
sacrificial electron donors (SED) and photocatalytic dyes, were developed by Evans
and Mills [458, 462, 479, 480] and are sold by Inkintelligent® [481]. Photocatalytic
inks utilize a reductive degradation mechanism (figure 2.8) to provide increased
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degradation rates. From a reductive degradation mechanism, results are typically
available in minutes compared to hours [479], generating quantifiable and
comparable data with possibilities for future standardization. Both basic blue 66
(figure 2.10) and resazurin (figure 2.9) photocatalytic inks (developed by Ink
Intelligent TM) [481] were utilized in the studies reported in this thesis.

Figure 2.8: The proposed mechanism for reductive TiO2 photocatalytic ink
degradation [73].
Photocatalytic inks alter the typical photodegradation mechanism as mentioned in
chapter 1. Photocatalytic inks contain glycerol as an SED, which prevents dye
oxidative degradation by recombining excition holes prior to direct hole oxidation
processes. Therefore excited excition TiO2 electrons reductively decompose dye
molecules providing a controlled, quicker photocatalytic ink colour change and/or
bleaching on comparison to other photo-oxidation processes. In this research,
measurement of either basic blue 66 or resazurin ink photodegradation were
typically performed until complete ink deterioration, as determined by colour
bleaching on visual inspection.
Specifically, the reductive degradation of resazurin initially generates a blue to pink
(resourfin) reductive colour change (figure 2.9) under UV light irradiation with
further irradiation leading to photo-bleaching. Resazurin ink degradations correlate
with contact angle analysis [458] and stearic acid degradation measurements [458].
Determining facile comparisons between colour variation measurements with
traditional stearic acid benchmarks.
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Figure 2.9: Photocatalytic ink resazurin reduction to resourfin (blue to pink colour
change).
However, the initial development of a reliable and reproducible resazurin ink-based
photodegradation test by Mills took considerable time. Both the uniformity of the
resazurin ink layer and subsequent methods of detecting colour change were found
to be highly problematic. In particular, problems were encountered in relation to
coverslip usage and the reliability of spectrophotometric colour detection
correlating to variation in peak intensities at 610 nm and 580 nm. Further process
development thus resulted in deployment of a K hand coaterTM designed to provide
uniform resazurin ink surface layers, and digital scanner (Skypix handscannerTM)
utilization to further analyse pixel colour variance. Both the K hand coaterTM and
the digital scanner were used to provide easily quantifiable and comparable results
[482].

Figure 2.10: Basic blue 66 ink degradation [483]
Furthermore, development of dye-based photocatalytic inks also occurred during
research by Mills, particularly in relation to the selection of inks appropriate for the
photocatalytic activity level of the surfaces in question. Namely, basic blue 66
(figure 2.10) (purple to colourless) and acid violet 7 (figure 2.11) (pink to
colourless), created for lower and higher reactivity surfaces respectively, were
produced during ink development studies.
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Figure 2.11: Acid violet 7 structure.
With the aforementioned advances in development of properly standardized
testing, at the time of writing, INTEC [481] are currently attempting ink degradation
process standardization. INTEC are attempted standardisation in order to provide
methodologies comparable to those developed for both NOx degradation
(ISO/DIS22197-1) and water droplet contact angle (ISO/WD 27448-1) tests.
Currently, INTEC’s standard technique involves the application of a felt tip basic
blue 66 ink pen test for initial photocatalytic activity detection. Together with
either a basic-blue 66-based or a resazurin-based test applied by a 0.3 mm K-bar in
order to provide accurate time to bleach (ttb) average values. Typically, ttb
averages are determined through resazurin ink application across nine samples
with scanned digital images subsequently generated at set times (basic blue 66
initial ink degradation determined), before and during UV light irradiation. Digital
image collection occurs until consistent pink resourfin is indicated with subsequent
pixel analysis from changing red, green and blue visible light absorption. A
subsequent ttb average of five samples is generated from a comparison between
graphed exponential and stationary gradients, corresponding with during and after
photocatalytic reduction of resazurin ink.
In this present research, the standardized INTEC approach has been used to
generate quantifiable ttb averages comparisons between compositionally similar
doped/undoped TiO2 films.
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2.2.10.3 Anti-microbiological testing
The antimicrobial properties of the samples generated here are examined as part
of this presented research. Initially, TiO2 samples were sterilized prior to bacterial
culture growth studies through a 20 minute UV light exposure, killing any
previously physisorbed microbes. Subsequently, samples were studied though
utilizing spectrophotometry, viable colony counts and fluorescence microscopy.
In a typical experiment, three 5ml volumes of Lysogenic Broth (LB) medium
underwent inoculation with Escherichia coli (E.coli) MG1665 and were incubated
for 24 hours at 35 oC, whilst shaking. After growth, each culture underwent both
optical density (OD) measurements at 600 nm and subsequent centrifugation at
16,000 g for 2 minutes. Furthermore, the resulting cell pellets were re-suspended
in phosphate buffered saline (PBS) equating to 1 OD.
Further experimentation focused on the related processes of attachment or
alternatively photodegradation, since the inhibition of attachment or the
destruction of attached microbes both equate to antimicrobial activity.
In order to investigate if E.coli moieties underwent surface attachment, the
surfaces in question were placed into diluted solutions containing E.coli (equation
2.6; V: volume, C: concentration).

V1*C1 = V2*C2

Equation 2.6

The samples were half-submerged in solution and colony growth was examined,
leaving samples for 24 hours at 37 oC. Subsequently, surfaces were washed with
distilled water, tapped dry and stained using purple violet dye over a 15 minute
period. Excess purple violet was removed by using PBS and water washing.
Subsequent washing with ethanol removed the E.coli absorbed stain. Stain
mixtures were analysed through spectrophotometry OD measurements at 600 nm,
to obtain the percentage of E.coli attachment.
Attachment studies are typically advantageous in terms of generating quantifiable
data to indicate the presence of naturally antimicrobial surfaces that operate
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through decreased colony attachment and biofilm generation [484]. However,
photosterilization from activated surfaces requires initial microorganism surface
attachment and biofilm formation, suggesting non-attachment is not the only
antimicrobial effect.
Contrastingly, in order to examine if E.coli moieties attached to a TiO2 surface could
be “killed” by TiO2 photodegradation, the following procedures were used: a
solution containing E.coli was diluted to 400 µL (equation 2.6), applied to TiO2
surfaces and suspended in water-filled petri dishes. Samples subsequently
underwent UV light exposure with continuous PBS addition in order to prevent
drying out. A control TiO2 samples were also treated with E.coli solution and kept in
darkness for identical time periods.
Furthermore, samples were evaluated to determine the extent (if any) of colony
growth as a function of time either situated in the dark (control samples) or under
UV irradiation. This evaluation was performed in two different ways; firstly viability
counting was employed. Here cultures were removed initially, throughout and
subsequent to UV irradiation, 10-fold PBS 109 serially-diluted and spot plated onto
LB agar plates. LB agar plates were further incubated for 24 hours at 37 oC and
subsequent colony forming units (cfu) calculated through visible counting of
obtained colonies (equation 2.7; CC: colony count, D: dilution, V: volume plated).

cfu/ml = (CC*D)/V

Equation 2.7

Secondly, live/dead staining methods were employed. After various times of
exposure to UV irradiation, TiO2 surfaces were washed with distilled water and
tapped dry to remove excess E.coli and medium. TiO2 surfaces were then rinsed
with MgCl2 solution and staining with 0.5 ml of live/dead staining solution (5 µM
SYTO9 dye, 30 µM Propidium iodide and 0.1 % saponin in MgCl2) for 15 minutes.
The excess staining solution was removed samples were sealed using a cover slip.
Both the SYTO9 and Propidium iodide are DNA specific resulting in identification of
the total viable bacterium population. This occurs through the use of the
membrane permeable green SYTO9 and the detection of the non-viable
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compromised membrane bacterium population through red Propidium iodide. The
samples were further analysed by utilizing fluorescence microscopy in order to
calculate the percentage differences of live and dead bacteria [485].
Typically utilization of both viability counting and live/dead staining indicates
bacterium photodegradation through UV light activated TiO2, however,
disadvantages arise from both techniques. Viability counting incorporates dilution,
assuming similar E.coli colony losses from differing samples, and is dependent on
live/dead bacteria ratio variability; only measuring cell growth from viable colonies.
In contrast, Live/Dead staining is comparatively inaccurate with assumed average
percentages between viable and unviable vitality bacterium cell counts and
significant utilization of disparate stains [486].
Furthermore, as with the photocatalytic ink degradation studies, negligible
microbiological photodegradation standardization exists in the literature. Varying
experimental properties (microorganism concentration [77] and irradiation
intensity/time [63, 89], etc.) all influence detected microorganism resilience. Whilst
a number of studies towards addressing specific microorganism related industrial
problems [28, 487] have been performed, effective comparisons are difficult due to
the nature of these studies.
The literature has typically focused on utilizing both E.coli [69, 76, 77, 86, 89, 321,
323, 487] and staphylococcus aureus (S.aureus) [69, 77, 86, 89]. However,
Pseudomonas aeruginosa (P.aeruginosa) [89, 137], Bacilius subtils (B.subtils) [89],
Deinococcus geothermalis (D.geothemalis) [28] and Micrococcus lylae (M.lylae)
[488] have also been utilized to a limited extent.
2.2.10.4 Alternative chemical degradation
UV light activated titanium dioxide also indicates photodegradation of numerous
alternative chemicals, namely:


Alcohols/Carboxylic acids [55, 489, 490],



Hydrocarbons [491-493],



Nitrogen containing compounds [494-499],
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Organochlorides [307, 500-504],



Phenol derivatives [66, 505-508],



Surfactants [509],

Typically possessing negligible standardization within water pollutant removal and
specifically corresponding with by-products resulting from industrial processes. UV
light activated TiO2 also undergoes utilization in air pollutant removal and
contrastingly to water pollutant removal, possesses standardization for NOx surface
photocatalytic oxidation into nitrate species (ISO/DIS22197-1) [510, 511].
2.2.11 Electrical conductivity
Technically unrelated to photocatalytic degradation, but interesting in terms of
potential photovoltaic applications of TiO2 (e.g. for some transparent conducting
oxides), the four point probe method measures film conductivity or resistivity. The
experiment involves utilization of a four point collinear probe arrangement with
equal spacing according to ASTM F390-11 [512]. ASTM F390-11 details
simultaneous measuring of both the voltage difference and the current flow
between two separate sets of sample surface contacts and therefore overcomes
the limitations associated with two point systems. Subsequently, Ohm’s law
(equation 2.8) describes the relationship between voltage (V), current (I) and the
uniform material electrical resistance (R).

I = V/R

Equation 2.8

Generating an I-R curve from plotted data, therefore indicating either; a conducting
Ohmic (equations below) or Schottky contact. Film resistivity (ρ)/conductivity (σ) is
further devised from electrical resistance through rearranging Pouillet’s Law
(equation 2.9) and based on the material thickness (t) and cross sectional film
surface (A). The inverse of these resistivity measurements provides the
conductivity (equation 2.10).

R = ρ x (t/A), rearranged: ρ = R x (t/A)

Equation 2.9

σ = 1/ρ

Equation 2.10
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Resistivity and conductivity are independent material properties from film surface
area and therefore can accurately correlate to changes in the film electronic
structure, induced by variation in doping or morphology. As such this approach was
utilized extensively during research on TiO2 films described in this thesis. However,
the four point probe method is not without disadvantages, including the following:


Probe tip contacts can cause film compression damage [513], subsequently
increasing with repeat measurements and altering the measured electrical
conductivity through lowering film thickness. However, compression
damage can be alleviated to a degree by utilizing polyimide cushions [513].



Probe tips may form improper contact or puncture very thin films, resulting
in conductivity measurements of the substrate, however, utilizing thicker
films can alleviate such effects.

In this research, the system was used to make electrical measurements (chapter 6)
was a Cascade Manual Prober combined with a HP4156 Parameter Analyser. Four
probes were placed 1 cm2 apart in box shape. A classic test I/V sweep with a
channel setup of: SMU1, VI, I1, V, variable, SMU2, V2, I2, V, constant was utilized.
Other measurements (chapters 4 and 6) were performed using a 302 resistivity
stand (Lucas labs) four point probe connected to a Keithley 2602 A power source.
Standards of ruthenium, copper and gold metals grown on Si<100> substrate were
used, with copper and gold indicating a linear amps vs. voltage relationship.
Furthermore, SP4 osmium probe heads were used with radii of 0.005 inches, spring
pressure of 85 g and tip spacing of 0.0625 inches.
2.3 Summary
Methods utilized throughout the experiments described in this thesis are outlined
in this chapter and advantages and disadvantages of each are highlighted where
possible. Necessarily, emphasis occurs on both TiO2 film synthesis and methods for
photocatalytic activity determination. Where feasible, the use of standardized
testing methods is described and any lack of standardization is highlighted.
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With the previous discussion in mind, the reader should now be able to appreciate
why particular techniques, namely; photocatalytic degradation of INTEC® inks (basic
blue 66 and resazurin), microbiological E.coli testing and contact angle analysis
were selected as the primary methods for the study of photocatalytic activity for
the research presented here.
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Chapter 3: Cleaning agent exposure effects on photocatalytic
activity of Pilkington ActivTM TiO2 films

3.1 Introduction
Photocatalytic titanium dioxide (TiO2) films are frequently utilized for self-cleaning
[514, 515] surface applications in outdoor environments, but interest in antimicrobial applications for sterile indoor environments (hospitals) is also increasing
[5, 30, 516]. However, indoor environments provide two major challenges towards
TiO2 film utilization;


Visible light photocatalytic activation



Photocatalysis retention following necessary sterilization procedures

Typically, commercial TiO2 films (e.g. Pilkington ActivTM/St Gobain BiocleanTM) are
significantly composed of polycrystalline anatase [16, 517, 518]. As previously
discussed, anatase morphology generally generates the greatest photocatalytic
activity of all TiO2 polymorphs, incorporating a 3.2 eV band gap [519] and increased
surface hydroxyl group density [64]. However, the greatest photocatalytic activity
related to morphology is indicated with polycrystalline TiO2 anatase containing
minimal rutile crystallites [20, 520]. Which produces charge trapping in
morphologically separate conduction and valence bands to improve exciton pair (e+ h+) lifetimes and surface ROS creation [64].
The photocatalytic activation of anatase TiO2 is well documented [30, 39, 99, 424,
477, 521] and occurs under electromagnetic wavelengths possessing energy
greater or equal to band gap size (UV light) [18]. However, indoor environments
lack significant UV light irradiation for photocatalytic activation requiring either:
transition metal doping (as described in chapters 4, 5 and 6) [21, 423, 471, 500,
522], non-metal doping [94, 414, 523-525], composite semiconductor utilization
[526-528] or noble metal loading [529-532], to effectively decrease the TiO2 band
gap and generate visible light photocatalytic activity. Additionally, visible light
photoactive TiO2 is only now (as of writing) undergoing commercial production in
significant quantities [533]. Traditionally, visible light photoactive TiO2 has
possessed low synthesis consistency [19] and visible light photoactivity
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deterioration over time [534], hindering potential utilization. Therefore, pathogenic
degradation in sterile indoor environments could also be achieved with handheld
UV light generators supplying activation to commercial TiO2 films.
Commercial TiO2 films typically ensure routine photocatalytic activity with
reconstitution under non-contaminated environments as a necessary industrial
standard. TiO2 film placement in sterile indoor environments increases pathogenic
growth resistance and pathogen destruction on surfaces and instruments,
therefore requiring ambient conditions to rejuvenate photocatalytic activity.
However, indoor sterile environments (hospitals) require regular exposure to
various cleaning agents in order to sterilise surfaces. Commercial TiO2 films are
therefore subjected to contamination and abrasion throughout these necessary
cleaning procedures, potentially deteriorating the photocatalytic activity.
Continued cleaning agent exposure possibly generates contaminant accumulation,
reducing or removing TiO2 photocatalytic activity and preventing pathogenic
destruction. Typically, cleaning agents contain both organic and inorganic species;
however, only organic surface contaminants (inks, pollutants or microbes)
frequently undergo photocatalytic decomposition on TiO2 films [267, 472, 475, 477,
535]. To date, research into the effects of cleaning agent exposure has generally
focused on surfactant (a common cleaning agent component) degradation by
photocatalytically active TiO2 surfaces [473, 477, 500, 536]. However, negligible
research into surfactant exposure effects on TiO2 photocatalytic activity has
occurred, despite surface surfactant exposure affecting TiO2 film photoelectrical
performance [537] or improving corrosion resistance [538].
From an industrial perspective, standard ISO 10545-13:2016 establishes a chemical
resistance determination methodology at ambient temperatures for ceramic tiles
on subjection to test solutions (containing: carbon, chlorine, nitrogen and sodium
contaminants) and visually evaluates any degradation subsequent to a set time
period [539]. Although physical-chemical degradation of TiO2 films also degrades
photocatalytic activity, specific photocatalytic activity deterioration through
cleaning agent ion accumulation or possible steric hindrance by surfactant
molecules, remains essentially unexamined.
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Furthermore, analyses detailing common cleaning agent exposure have previously
been implemented on Pilkington ActivTM and St Gobain BiocleanTM. Additionally,
specific non-photocatalytically destructive cleaning agents are listed on the
respective company websites [517, 518]. However, detailed experimental
information is not provided, but approved cleaning agents are known to frequently
incorporate alkali metal salts and long carbon backbone molecules including
chlorine, nitrogen, phosphorus and sulphur-containing functional groups, as
potential contamination sources.
Hence, only the exposure effects to commonly utilized window cleaning agents
have been previously studied to date, relative to two main commercial TiO 2 coated
glass products. Furthermore, prior to presented research, no systematic studies
have been reported on the influence of commonly utilized hospital agents on
commercial TiO2 coated glass product stability and photocatalytic activity.
Consequently, this chapter describes the first systematic study of Pilkington ActivTM
sample behaviour [16] following exposure to disparate commonly utilized Irish
hospital cleaning agents. Photocatalytic activity analysis was performed with
respect to possible resulting abrasion and contamination of Pilkington ActivTM
samples, thereby generating insight into potential mechanisms underpinning TiO2
photocatalytic activity deterioration in sterile indoor environments.
3.2 Specific methodology
Irish hospital cleaning agents (Actichlor PlusTM, ChloraPrepTM, Virusolve+TM and
SteriCleanTM) were donated by Dr Deidre O’Brien, Head of Infection Control at the
Mercy University Hospital, Cork. Each consists of the following active components:
•

Virusolve+TM:

Didecyldimethylammonium

Chloride

and

Bis(3-

aminopropyl) dodecylamine.
•

Actichlor PlusTM: 1.7 g Sodium dichloroisocyanurate in an inert
effervescent base combined with a compatible detergent.

•

ChloraPrepTM: Chlorhexidine gluconate (2 %w/v) and isopropyl alcohol
(70 %w/v) with a sunset yellow tint (E110).

•

SteriCleanTM: Standard sterile 70 % isopropyl alcohol wipe.
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Pilkington ActivTM samples (2.5 cm2) underwent cleaning agent washing through
following described cleaning instructions per product below:
•

Virusolve+TM: 5 ml per 100 ml (5 %) aqueous solution, spray on
necessary surface, allow one minute contact time minimum and wipe
off with a cloth. Rinse if required.

•

Actichlor PlusTM: 1 tablet in 100 ml aqueous solution for 10,000 ppm
available chlorine, wipe onto surface required, leave to soak and
subsequently wipe off.

•

ChloraPrepTM: press sponge applicator against surface and break seal to
release liquid. Subsequently rub against surfaces for 30 seconds and
leave to dry afterwards.

•

SteriCleanTM: wipe affected surface.

A procedure for standardizing a single cleaning agent exposure per Pilkington
ActivTM sample was developed, incorporating: constant surface agitation over one
minute cleaning agent coverage and ten second water rinsing, to mimic stubborn
stain cleaning from both ChloraPrepTM and SteriCleanTM applicators.

Typically, all other experimentation followed the methodology as described in
chapter 2, with any specific variation for this chapter, stated here:


For preliminary results:
o Water contact angle experiments utilized only one (2.5 cm2)
Pilkington ActivTM sample per individual cleaning agent, with one
cleaning agent exposure occurring prior to UV light irradiation and
following contact angle measurements. Water contact angles were
measured at: 5, 10, 20, 30 and 60 minutes of UV light irradiation
with an average intensity of: 2.34 mW/cm2.
o Photodegradation of basic blue 66 ink (inkintelligent®) was
performed on three (2.5 cm2) Pilkington ActivTM samples per
individual cleaning agent. Each ttb result is therefore a three sample
average. Basic blue 66 ink was spread across each sample by a
0.3μm K hand coaterTM. An average UV light intensity of: 2.34
mW/cm2 was utilized for sample irradiation. A Skypix HandyscanTM
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handheld camera-scanner scanned images of samples before, and
every 20 s during, UV light irradiation.


After preliminary results:
o All cleaning agent treatments were repeated thrice (for an average)
with water rinsing and nitrogen gas drying following cleaning agent
(or non-cleaning agent) exposure.
o Water contact angles utilized three Pilkington ActivTM samples per
individual cleaning agent, ensuring material surface equality through
generating average water contact angles. Water contact angles were
measured at: 0, 30 and 60 minutes UV light irradiation.
o Photodegradation of resazurin ink (inkintelligent®) was performed
across nine Pilkington ActivTM samples. Subsequent samples
(specified) were also irradiated with UV light of an average intensity
of: 3.42 mW/cm2.

Prior to XPS analysis, one of the nine Pilkington ActivTM samples utilized for
resazurin ink photodegradation above underwent cleaving to produce ca.1cm2
pieces. This was followed by cleaning agent re-exposure, water rinsing and nitrogen
gas drying.
3.3 Preliminary Results
Preliminary results derived photocatalytic activity experimental standards with
water contact angle and photocatalytic ink degradation experimentation both
subsequently altered to increase reproducibility and comparability in later results.
Water contact angle measurements were initially implemented without distilled
water rinsing following cleaner agent exposure (figure 3.1). As expected, Pilkington
ActivTM samples unexposed to any cleaning agent present greater hydrophilicity
(approximately 49-23 o) after 60 minutes UV irradiation, demonstrating greatest
surface hydrophilicity. Furthermore, this observed trend towards greater
hydrophilicity during UV light irradiation, suggests surface ROS (OH./O2.-) creation
from combination of UV light activated TiO2 electrons with hydroxyl groups.
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Figure 3.1: Water contact angles from cleaning agent exposed Pilkington ActivTM (0
minutes), during UV irradiation (5, 10, 20, 30 and 60 minutes) and after a week of
darkness (10800 minutes).

From figure 3.1, the trend in contact angles recorded for both Pilkington Activ TM
samples treated with SteriCleanTM or Actichlor PlusTM, corresponds to the trend in
data recorded for the Pilkington ActivTM sample unexposed to any cleaning agent.
Initial contact angles between 40-50 o appear for samples treated with SteriCleanTM
or Actichlor PlusTM become increasingly hydrophilic throughout UV irradiation.
Unexpectedly, Pilkington ActivTM samples exposed to the non-chlorinated
SteriCleanTM did not achieve as high hydrophilicity (44-33 o) with UV irradiation, as
unexposed Pilkington ActivTM samples. This possibly relates to physical abrasion of
the Pilkington ActivTM film during cleaning agent exposure.
Additionally, the unexposed Pilkington ActivTM sample, as well as samples exposed
to SteriCleanTM and Actichlor PlusTM show recovery after being left in darkness to a
more hydrophobic surface as compared to the starting pre-irradiated surface. This
hydrophobic enhancement following UV exposure originates from exciton pair
recombination after electron relaxation to the TiO2 valence band and release of
surface adsorbed water molecules from metastable hydrophilic states on reaction
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with atmospheric oxygen [451]. Therefore, UV exposure results in a compositional
change at the surface in comparison to the starting Pilkington ActivTM surface.
Interestingly, figure 3.1 also indicates contact angles recorded for Pilkington ActivTM
samples exposed to Virusolve+TM or ChloraPrepTM during UV irradiation initially
results in disparate behaviour, as compared to other samples with increasing
hydrophobicity detected. This hydrophobic increase does not continue throughout
UV irradiation, suggesting surface chemical variations are occurring during
exposure. Both samples again indicate hydrophobic recovery after being left in
darkness and similarly to other samples, provides a more hydrophobic surface as
compared to the starting Pilkington ActivTM surface. This again suggests cleaning
reagent exposure results in either a chemical or structural surface variation.
Furthermore, the most striking feature emerging from figure 3.1 concerns the
behaviour of a Pilkington ActivTM surface treated with ChloraPrepTM. It is apparent
ChloraPrepTM treatment produces an orange coloured surface film which is
superhydrophilic in nature, even before UV irradiation. Subsequent UV exposure
further results in an increase in contact angle, suggesting the surface becomes
more hydrophobic. However, the increasing hydrophobicity results from contact
angle water droplets removing the orange coloured film from the TiO 2 surface. This
steadily produced a contact angle closer to that of the TiO2 surface with this small
scale water rinsing over time.
As previously noted, Pilkington ActivTM samples were initially examined subsequent
to cleaning agent treatment, without the utilization of any rinsing step. For this
reason, experiments described in figure 3.1 were repeated, with each Pilkington
ActivTM sample undergoing distilled water rinsing prior to UV light irradiation
(figure 3.2).
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Figure 3.2: Water contact angles from cleaning agent exposed Pilkington ActivTM
with water rinsing prior to UV irradiation (0 minutes), during UV irradiation (5, 10,
20, 30 and 60 minutes) and after a week of darkness (10800 minutes).

Figure 3.2 reveals markedly different data for cleaning agent exposed Pilkington
ActivTM after water rinsing as compared to figure 3.1. Subsequent to rinsing, the
initial state of all Pilkington ActivTM surfaces is effectively equivalent with average
contact angles between 55-65 o. Therefore, the rinsing step successfully removes
the orange coloured surface film resulting on ChloraPrepTM exposure.
Interestingly, Pilkington ActivTM surfaces exposed to the three chlorinated cleaning
agents all now exhibit a similar trend of no appreciable variation upon UV
exposure. This suggests surface metastable oxygen deficient state stabilization
[452] potentially resulting from cleaning agent recombination centre accumulation
on TiO2 surfaces.
Contrastingly, utilization of the non-chlorinated SteriCleanTM (essentially just
isopropyl alcohol) again provides a trend in increasing hydrophilicity with UV
irradiation, mimicking the untreated Pilkington ActivTM surface. Thus it is suggested
that chlorinated cleaner utilization results in a permanent chemical change to the
Pilkington ActivTM surface. This change is essentially very detrimental regarding
photocatalytic activity, but with the caveat that this comparison is based only on
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contact angle measurements thus far. In contrast, utilization of isopropyl alcohol or
no cleaner produces a Pilkington ActivTM surface with the expected photocatalytic
response regarding increasing hydrophilicity on UV irradiation, followed by
hydrophobic recovery in darkness.
Overall, these preliminary results suggest exposure to most chlorinated cleaning
agents (other than ChloraPrepTM) retains consistently high water contact angles
with minimal variation on UV light irradiation. Contrastingly, ChloraPrepTM
exposure produces a hydrophilic film across Pilkington ActivTM surfaces, but
undergoes removal on water rinsing. Additionally, water rinsing affected all treated
surfaces, as might be expected, to remove excess cleaning agent residue.
Contact angles only indicate potential photoactivity and cannot generate
quantifiable or reliable photocatalytic active data because of influence by specific
factors, namely;


Light intensity,



Room humidity,



Room temperature,



Sample temperature



Time between droplet placement and recording.

Therefore photocatalytic ink degradation was utilized as a direct measure of
Pilkington ActivTM photoactivity under UV light irradiation. After preliminary water
contact angle measurements suggested a reduction in photocatalytic activity.
Repeat photocatalytic basic blue 66 ink degradations were performed on Pilkington
ActivTM samples exposed to various cleaning agents, prior to each degradation
(figure 3.3).
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Figure 3.3: Repeat photocatalytic basic blue 66 ink degradation on Pilkington
ActivTM undergoing cleaning agent exposure and water rinsing prior to each
degradation.

Figure 3.3 indicates the Pilkington ActivTM sample not exposed to any cleaning
agent consistently possesses the shortest ttb across multiple basic blue 66 ink
photodegradations. Interestingly, Pilkington ActivTM samples treated with
SteriCleanTM suggest deterioration in photodegradation capabilities towards basic
blue 66 ink, alongside other Pilkington ActivTM samples exposed to chlorinated
cleaning agents. Furthermore, all cleaning agents seem to produce a less active
surface (a longer ttb) as compared to the unexposed Pilkington ActivTM surface,
with little variation detected across further cleaning treatments, implying the
alteration occurs during the first cleaning agent exposure. This is consistent with
previous observations of chlorinated cleaning agents affecting surface wetting,
increasing difficulties associated with dirt removal without a water “sheeting”
effect [53]. However, the error bars on data points shown on figure 3.3 are large
due to a small sampling set (three Pilkington ActivTM samples), and so these
observations cannot be thought of as conclusive.
To summarise, these preliminary results are somewhat inconclusive. Contact angle
measurements suggest only Pilkington ActivTM exposed to SteriCleanTM results in a
surface comparable to the control Pilkington ActivTM. In comparison, chlorinated
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cleaning agents appear to result in an immediate degradation in photocatalytic
activity after one application. Additionally, basic blue 66 ink photodegradation
experiments further suggest “damaged” surfaces remain so after subsequent
exposures. However, issues with the reliability of these latter measurements are
apparent from the large error bars presented in figure 3.3.
With this in mind, a further set of measurements were performed utilizing identical
cleaning agents. Whilst contact angle measurements were again recorded to
compare results directly with previous sets, for this second set of Pilkington Activ TM
samples, resazurin ink degradation and a larger sample set were employed as an
alternative.
3.4 Results and Discussion
In further water contact angle experiments, three Pilkington ActivTM samples per
cleaning agent exposure underwent water contact angle measurement after: 0, 30
and 60 minutes UV irradiation (figure 3.4).
From figure 3.4, both control Pilkington ActivTM samples (not exposed to a cleaning
agent) and Pilkington ActivTM samples exposed to SteriCleanTM possess similar
trends in contact angle. These trends show greater hydrophilicity for increasing UV
irradiation time (69-26-16 o and 53-34-22 o respectively) and subsequent recovery
in more hydrophobic values in darkness (64 and 63

o

respectively). As observed

previously, the Pilkington ActivTM exposed to SteriCleanTM retains slightly greater
hydrophobicity throughout UV irradiation.
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Figure 3.4: Water contact angles subsequent to cleaning agent exposure after; 0, 30
and 60 minutes UV irradiation and 10800 minutes in darkness.

From figure 3.4, the contact angle measurement trends attained for chlorinated
cleaning agents (Virusolve+TM: 67-51-51

o,

Actichlor PlusTM: 52-50-47

o

and

ChloraPrepTM: 57-55-55 o) throughout UV irradiation are similar to those obtained
in preliminary experimentation involving the application of a cleaning agent to
Pilkington ActivTM surfaces, prior to water rinsing (figure 3.2). Consistent water
contact angles during UV irradiation could suggest surface cleaning agent ion
(Na+/S6+/Cl-) poisoning. Surface poisoning could potentially provide excess exciton
pair recombination centres [452] to prevent hydrophilic contact angles.

With the confirmation of this previous result in mind, further experimentation
utilizing the photocatalytic degradation of resazurin ink was performed on a larger
Pilkington ActivTM set of nine samples. Less run-to-run variation in the data was
subsequently observed in figure 3.5, as compared to the results in figure 3.3.
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Figure 3.5: Repeat photocatalytic resazurin ink ttb subsequent to repeat cleaning
agent exposure with rinsing on Pilkington ActivTM.

From figure 3.5, through utilizing resazurin ink photodegradation on a larger
Pilkington ActivTM sample set, the behaviour of disparate cleaning agent exposed
Pilkington ActivTM samples can be distinguished. Within this data, lowest resazurin
ink ttb values are consistently indicated for the Pilkington Activ TM control sample
not pre-exposed to any cleaning agent (between 241-351 seconds). However, since
this trend is not simply a “horizontal line” across multiple exposures, a clear run-to
run variation exists from the nature of this test.
Additionally, all Pilkington ActivTM samples treated with any cleaning agent indicate
greater ttb values as compared to the control sample. Pilkington ActivTM surface
treated with SteriCleanTM emerge with consistently lower resazurin ttb values (406530 seconds) subsequent to repeat SteriCleanTM exposure and water rinsing.
Furthermore, chlorinated cleaning agent exposure appears to consistently
deteriorate the Pilkington ActivTM surface photocatalytic activity, in the order;
ChloraPrepTM > Actichlor PlusTM > Virusolve+TM.
Figure 3.5 also suggests continuing deterioration in the photocatalytic degradation
of resazurin for Pilkington ActivTM samples exposed to chlorinated cleaning agents
with longer ttb values detected subsequent to initial and second exposures.
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However, it is unclear whether this trend continues, with third cleaning agent
exposures only showing a significant ttb value increase for Pilkington Activ TM
samples exposed to Actichlor PlusTM. Conclusively, with the possible exception of
Pilkington ActivTM exposed to SteriCleanTM, all other cleaning agents degrade the
photocatalytic activity of Pilkington ActivTM samples surfaces, towards resazurin ink
reduction.
Interestingly, both ChloraPrepTM (providing significant photocatalytic activity
degradation) and SteriCleanTM (producing minor, recoverable photocatalytic
activity degradation) involve utilization of a constant surface rubbing motion during
cleaning agent application. Obviously, mechanical damage could result to the
Pilkington ActivTM sample surface, but given the disparate nature of cleaning agents
in question, it is proposed mechanical damage alone is unlikely to be responsible
for a loss in photocatalytic activity.
The photocatalytic resazurin ink degradation experiments on Pilkington Activ TM
samples subject to periodic disparate cleaning agent exposures and water rinsing
were repeated using higher UV light exposure levels. Greater UV light intensity was
used in order to try and enhance any variability between Pilkington ActivTM samples
treated with different cleaning agents (figure 3.6).

Figure 3.6: Repeated resazurin ink ttb following repeat cleaning agent exposure on
Pilkington Activ (under greater UV light exposure: 3.42 mW/cm2)
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From figure 3.6, Pilkington ActivTM samples treated with SteriCleanTM are observed
to behave most similarly to the untreated Pilkington ActivTM sample with minimal
disparity in ttb values across all three photocatalytic resazurin ink degradations.
This strengthens the previous proposal, suggesting the utilization of isopropyl
alcohol causes no permanent photocatalytic activity degradation of Pilkington
ActivTM surfaces.
Chlorinated cleaning agent exposed Pilkington ActivTM samples again indicate
greater ttb values throughout multiple resazurin photocatalytic degradations,
suggesting deterioration of photocatalytic activity. For this set of experiments,
Pilkington ActivTM samples exposed to Actichlor PlusTM consistently result in
greatest ttb values. Contrastingly, Pilkington ActivTM samples exposed to
ChloraPrepTM provided the longest ttb values for measurements recorded with
lower light intensities (figure 3.5).
However, since considerable run-to-run variation still exists, it would be unwise to
focus on anything other than obvious trends within these measurements. Figures
3.5 and 3.6 reveal two essential features, namely; Pilkington ActivTM photocatalytic
activity is degraded by chlorinated cleaners with Pilkington ActivTM samples
exposed to ChloraPrepTM or Actichlor PlusTM suggesting progressive deterioration.
However,

non-chlorinated

cleaners

do

not

degrade

Pilkington

ActivTM

photocatalytic activity. Furthermore, several possibilities should be considered for
regarding exactly how the chlorinate cleaners apparently inhibit the photocatalytic
activity of TiO2 films, namely:


Chlorinated cleaners could provide surface recombination centres for UV
light excited exciton pairs, preventing reactions with adsorbed hydroxyl
groups or oxygen required to generate surface ROS [540].



Alternatively, chlorinated cleaners could provide sterically hindering
surfaces, blocking active sites and preventing interaction with surface
adsorbed oxygen and water molecules required to constitute surface ROS
[541].

Following photocatalytic analysis, XPS analysis was performed on Pilkington ActivTM
prior and subsequent to variable cleaning agent exposure and resazurin
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photocatalytic ink degradation tests under UV light. Six Pilkington ActivTM samples
underwent subsequent XPS analysis; one reference, one exposed to triplicate
resazurin ink photodegradation tests and four individually exposed to cleaning
agents (Virusolve+TM, Actichlor PlusTM, ChloraPrepTM or SteriCleanTM) prior and
subsequent to triplicate resazurin photodegradation tests.
On degradation, aqueous resazurin ink and various cleaning agents can potentially
impart: carbon, chlorine, nitrogen, potassium, sodium and sulphur contaminants
across Pilkington ActivTM surfaces at significant concentrations for XPS detection.
A Pilkington ActivTM sample not exposed to a cleaning reagent or resazurin ink was
initially analysed as a reference. This sample confirmed a TiO2 film through a 1:2
Ti:O ratio with titanium (18.1 %) and oxygen (48 %) constituting approximately 54
% of surface elements as TiO2 (table 3.1). Carbon contamination constituted 30.9 %
of surfaces and originated from adsorbed organics (C-C/C=C) or chemisorbed
surface carbonates (O-C=O or C-O). The remaining surface composition consisted of
ca. 0.6 % nitrogen (399.4 eV) from atmospheric sources, 0.4 % phosphorus (132.7
eV), 0.3 % chlorine (199.6 eV) and 1.8 % silicon (101.8 eV).

Peak

Position (eV)

Concentration (%)

O 1s

529.3

48

Ti 2p

458.1

18.1

C 1s

284.4

30.9

N 1s

399.4

0.6

Si 2p

101.8

1.8

Cl 2p

199.6

0.3

P 2p

132.7

0.4

Table 3.1: Low resolution XPS results for an untreated Pilkington ActivTM surface.

XPS was then performed on a Pilkington ActivTM sample that had previously
undergone triplicate resazurin ink photo-degradation under UV irradiation.
Resazurin ink photo-degradation typically requires TiO2 film activation, affecting
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surface ion and ROS concentration. Therefore XPS was performed on this particular
sample to eliminate ion variables, prior to comparison with cleaning agent exposed
Pilkington ActivTM samples. The various resazurin ink components together with
associated XPS detectable elements are listed in table 3.2.

Component

Elements

Hydroxyethyl

C, O

Structure

cellulose

Glycerol

C, O

Polysorbate

C, O

20 surfactant

Resazurin

C, O, N,

sodium salt

Na

Table 3.2: Resazurin ink components and constituent XPS detectable elements

This Pilkington ActivTM sample also confirmed a 1:2 Ti:O ratio, incorporating 15.8 %
titanium and 49.7 % oxygen to constitute approximately 48 % of surface elements
as TiO2 (table 4.3). Additionally, table 3.3 indicates similar carbon surface
contamination (29.2 %) compared to Pilkington ActivTM control samples, showing a
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natural variation between Pilkington ActivTM surfaces. Furthermore, table 3.4
suggests greater surface carbonate (289-289.5 eV) [542] concentrations (11 % high
resolution) suggesting increased carbon oxidation for the Pilkington ActivTM sample
previously undergoing resazurin ink degradations.

Peak

Position (eV)

Concentration (%)

O 1s

529.3

49.7

Ti 2p

458.1

15.8

C 1s

284.6

29.2

N 1s

399.3

1.5

Si 2p

102.1

2.9

Cl 2p

200.0

0.4

Zn 2p

1021.0

0.1

Ca 2p

347.0

0.2

Table 3.3: Low resolution XPS for a Pilkington ActivTM sample surface after triplet
resazurin ink degradations.

Peak

Position (eV)

Concentration (%)

O 1s_1 (metal oxide)

529.7

35.2

O 1s_2 (organics, OH)

531.0

6.7

O 1s_3 (organics, SiOx)

532.5

9.3

Ti 2p_1 (Ti4+ 2p3/2)

485.5

11.4

Ti 2p (Ti4+ 2p1/2)

464.2

5.7

C 1s_1 (C=C/C-C)

284.8

17.8

C 1s_2 (C-O)

286.3

10.5

C 1s_3 (O-C=O)

288.2 (288.6)

3.4

Table 3.4: High resolution XPS (focused on titanium, carbon and oxygen peaks) for a
Pilkington ActivTM sample surface after triplet resazurin ink degradations with
differing untreated sample peak positions.
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Correspondingly, carbon (288.2 eV) peak shifts towards lower binding energies
(figure 3.7) reflect electron enrichment within surface environments.

Figure 3.7: Carbon peak shifting between untreated Pilkington ActivTM and
Pilkington ActivTM after triplicate resazurin ink photodegradations.
Other detected contaminants include; 2.9 % silicon, 1.5 % nitrogen (from adsorbed
atmospheric nitrogen, as C-N bonding is undetected) and minimal; 0.4 % chlorine,
0.2 % calcium and 0.1 % zinc concentrations (potential glass substrate ion
diffusion).
Furthermore XPS was performed on the Pilkington ActivTM sample previously
treated with SteriCleanTM prior to and after repeat resazurin ink photodegradation.
Therefore, the various SteriCleanTM components together with constituent
elements detectable using XPS are listed in table 3.5.

Component

Elements

Isopropyl alcohol

C, O

Structure

Table 3.5: SteriCleanTM components and constituent elements detectable using
XPS.
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XPS data indicated in table 3.6, suggests SteriClean TM utilization between resazurin
ink photo-degradations provided no appreciable surface contamination, probably
corresponding to reagent evaporation from high isopropyl alcohol volatility.

Peak

Position (eV)

Concentration (%)

O 1s

529.4

50.9

Ti 2p

458.0

15.6

C 1s

284.4

28.5

N 1s

400.3

0.9

Si 2p

102.3

3.2

P 2p

132.9

0.6

Zn 2p

1021.1

0.3

Table 3.6: Low resolution XPS for a Pilkington ActivTM sample after SteriCleanTM
exposure prior to each and after triplicate resazurin ink photodegradations.

Furthermore, table 3.6 shows SteriCleanTM exposure resulted in a Pilkington ActivTM
surface of essentially similar composition to a Pilkington ActivTM sample previously
undergoing triplicate resazurin photodegradation tests. Typically adventitious
surface carbon contamination was observed (28.5 %), alongside additional surface
species including; 0.9 % nitrogen, 0.6 % phosphorus and 0.3 % zinc.
Some 3.2 % silicon is also detected on this sample, with low silicon “contamination”
naturally occurring across all other analysed Pilkington ActivTM surfaces (1.8-3.7 %).
This silicon contamination originates either from; cleaving to create physically
smaller XPS samples, or physical TiO2 abrasion during cleaning agent exposure,
both revealing underlying substrate material (as also indicated in subsequent
chapters).

XPS was further performed on the Pilkington ActivTM sample previously treated
with Virusolve+TM surrounding repeat resazurin ink photodegradation. Therefore,
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the various Virusolve+TM components with associated constituent elements
detectable using XPS are listed in table 3.7.

Component

Elements

Potassium

C, O, K

Structure

Carbonate
2-Aminoethanol

C, N, O

Alkyl Triamine

C, N

Cationic

C, N, Cl

Surfactant

Non-ionic

C, O

surfactant

Table 3.7: Virusolve+TM components, XPS detectable elements and structures

XPS data collected from a Virusolve+TM treated Pilkington ActivTM sample is
indicated in Table 3.8. The Virusolve+TM exposed Pilkington ActivTM surface suggests
a nearly identical composition from both samples undergoing triplicate resazurin
photodegradation and either: no other treatment or SteriClean TM exposure. A
majority 1:2 Ti:O TiO2 film is confirmed, consisting of approximately 52 % (titanium:
17.4 % and oxygen: 49.3 %) of surface detected elements as TiO2. Similar carbon
concentrations (28.3 %) are again observed.
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Peak

Position (eV)

Concentration (%)

O 1s

529.0

49.3

Ti 2p

457.6

17.4

C 1s

284.4

28.3

N 1s

400.0

1.3

Si 2p

102.1

3.7

Table 3.8: Low resolution XPS for a Pilkington ActivTM sample after Virusolve+TM
exposure prior to each and after triplicate resazurin ink photodegradations.

Overall, surface XPS data somewhat surprisingly suggests various Virusolve+TM
components (table 3.7) are simply removed by washing. However, residual silicon is
again detected (3.7 %) and whilst very low, (1.3 %) nitrogen is also indicated,
suggesting known present amino compounds are unlikely to produce any surface
contamination. Also surprisingly, other potentially expected specific elemental
impurities, namely potassium and chlorine (table 3.7) remain undetected by XPS.

XPS was also performed on the Actichlor PlusTM treated Pilkington ActivTM sample,
where Actichlor PlusTM application occurred around repeat resazurin ink
photodegradation. Therefore, the various components of Actichlor PlusTM together
with constituent XPS detectable elements are listed in table 3.9.
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Components

Elements

Troclosene

C, N, O, Na,

sodium

Cl

Adipic acid

C, O

Aryl sulfonate

C, O, S

Sodium fatty

C, N, O, Na

Structures

acid sarcosides

Table 3.9: Actichlor PlusTM components, XPS detectable elements and structures

XPS data collected from an Actichlor PlusTM treated Pilkington ActivTM sample is
indicated in table 3.10. The Actichlor PlusTM exposed Pilkington ActivTM sample
essentially consists of stoichiometric TiO2 with approximately 49 % (titanium: 16 %
and oxygen: 52 %) of detected surface elements as TiO2.
Significant surface impurity concentrations are indicated, namely: 2.3 % sodium
(1070.8 eV) from either; Troclosene sodium or Sodium fatty acid sarcoside residue
and 1.2 % phosphorus (132.9 eV) within P-O bonding [543]. The sodium binding
energy (1070.8 eV) [544] could suggest Na+-O-Ti bridging bond formation from
surface Na2O [545] or even minimal sodium titanate creation [546]. Additionally,
surface sodium ionic presence has previously indicated up to 70 % photocatalytic
activity deterioration [547], with sodium titanate also generating catalytically
inactive centres [514]. Therefore, low Pilkington ActivTM photocatalytic activity
after exposure to Actichlor PlusTM could potentially result from surface sodium ion
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presence. However, this is merely speculation without possessing a greater
knowledge of the chemical nature of impurities present.

Peak

Position (eV)

Concentration (%)

O 1s

529.3

51.8

Ti 2p

457.9

16.4

C 1s

284.3

23.5

N 1s

399.8

0.8

Si 2p

102.4

3.4

Cl 2p

199.7

0.2

P 2p

132.9

1.2

Ca 2p

346.8

0.5

Na 1s

1070.8

2.3

Table 3.10: Low resolution XPS for a Pilkington ActivTM sample after Actichlor PlusTM
exposure prior to each and after triplicate resazurin ink photodegradations.

Interestingly, carbon contamination is reduced (24 %) compared to non-exposed
Pilkington ActivTM (29 %). These similar surface adsorbed organics (C-C/C=C) and
lower carbonate (C-O/O-C=O) concentrations suggests Actichlor PlusTM exposure
does not generate an additional organic layer on the Pilkington ActivTM sample.
Other impurities also include: 3 % silicon (102.4 eV) from cleaving or physical
abrasion, 0.8 % nitrogen (399.8 eV) from atmospheric sources, 0.5 % calcium (346.8
eV) and 0.2 % chloride (199.7 eV), both potentially from the substrate.

Furthermore XPS was performed on the Pilkington ActivTM sample previously
treated with ChloraPrepTM before and after repeat resazurin ink photodegradation.
Therefore, the various ChloraPrepTM components with associated constituted
elements detectable utilizing XPS are listed in table 3.11.
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Components

Elements

Chlorhexidine

C, N, O, Cl

Structures

gluconate

Sunset Yellow Tint

C, N, O, S,
Na

Isopropyl alcohol

C, O

Table 3.11: ChloraPrepTM components, detectable elements and structures

XPS data recorded from a Pilkington ActivTM surface exposed to ChloraPrepTM is
indicated in table 3.12.

Peak

Position (eV)

Concentration (%)

O 1s

530.5

17.6

Ti 2p

458.0

2.5

C 1s

284.4

59.3

N 1s

399.2

13.8

Si 2p

101.9

0.5

Cl 2p

200.3

3.1

S 2p

167.6

3.2

Table 3.12: Low resolution XPS for a Pilkington ActivTM sample after ChloraPrepTM
exposure prior to each and after triplicate resazurin ink photodegradations.
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From table 3.12, ChloraPrepTM exposure to a Pilkington ActivTM surface indicated
significant impurity coverage, unlike similar treatment with alternative cleaning
agents also examined. Additionally, low (2.5 %) titanium surface XPS detection
probably corresponds to a substantial carbon based residue after ChloraPrep TM
exposure, masking XPS signals from the underlying TiO2. Despite this, crude
photocatalytic activity experiments still revealed photoactivation after UV light
exposure with resulting resazurin ink photodegradations.
This substantial carbon based residue resulting from previous ChloraPrepTM
exposures was detected as orange coloured impurities (figure 3.8) and are possibly
related to Sunset Yellow Tint. Furthermore, this carbon based residue correlated
with the greatest reduction in surface activity as determined by both contact angle
and ink photodegradation measurements.

Figure 3.8: Orange coloured impurities across Pilkington ActivTM surfaces after
ChloraPrepTM exposure, water rinsing and resazurin ink application (blue colour),
and prior to third UV light irradiation, during photocatalytic ink degradations.

Therefore, some 59 % carbon (284.8, 285.8 and 288.6 eV) and 14 % nitrogen (398.6
and 400 eV) results, presumably derived from chlorhexidine gluconate remnants
within the considerable surface residue. Specifically, utilizing a higher resolution as
in table 3.13, indicated 38 % C-C/C=C bonding (284.8 eV) originating from
chlorhexidine gluconate and sunset yellow tint. Additionally, 20 % C-O (285.8 eV), 5
% O-C=O (288.6 eV), 13 % C-NH2 (400.0 eV) and 3 % C=NH (398.6 eV) bonding were
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also detected, relating to chlorhexidine gluconate functional groups chemisorbed
onto ChloraPrepTM exposed Pilkington ActivTM sample.

Peak

Position (eV)

Concentration (%)

O 1s_1

529.8

5.3

O 1s_2

531.4 (531.0)

9.9

O 1s_3

532.9 (532.5)

2.8

Ti 2p_1

458.6

1.9

Ti 2p

464.4

0.9

C 1s_1

284.8

37.9

C 1s_2

285.8 (286.3)

20.4

C 1s_3

288.6 (288.2)

5.2

N 1s_1

398.6

2.5

N 1s_2

400.0

13.3

Table 3.13: High resolution XPS (focused on oxygen, titanium, carbon and nitrogen
peaks) for a Pilkington ActivTM sample after ChloraPrepTM exposure prior to each
and following triplicate resazurin ink photodegradation, with peak shifts
highlighted.

Furthermore, table 3.13 suggested variation in binding energy shifts for carbon
(figure 3.9) and oxygen (figure 3.10) peaks, compared to a Pilkington ActivTM
sample only exposed to resazurin ink. Correspondingly, surface environmental
variation of C-O, O-C=O and O-H bonds, reflects electron density alteration in
relation to considerable surface residue.
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Figure 3.9: Carbon (C1s) peak shifts between a Pilkington ActivTM sample exposed
to ChloraPrepTM during resazurin photodegradation and a Pilkington ActivTM sample
only exposed to resazurin photodegradation.

Figure 3.10: Oxygen (O1s_2 and 1s_3) peak shifts between a Pilkington ActivTM
sample exposed to ChloraPrepTM during resazurin photodegradation and a
Pilkington ActivTM sample only exposed to resazurin photodegradation.
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In contrast with other exposed Pilkington ActivTM samples, considerable inorganic
contamination was detected after ChloraPrepTM exposure in the form of 3 %
sulphur (167.6 eV) and 3 % chlorine (200.3 eV). Sulphur probably originates from
the sunset yellow tint present in the ChloraPrepTM, with the S2p XPS peak possibly
correlating to either a sulphone (C-SO2-C) [548] or a type of sulphite (SO32-) [549].
Additionally, sulphate accumulation has also been indicated to block active surface
sites [550], and hence deactivate TiO2 [521, 551, 552].
Furthermore, chlorine most likely originates from chlorhexidine gluconate present
in ChloraPrepTM. The Cl2p and C1s XPS peak shifts would be consistent with C-Cl
bonding of sp2 or sp3 carbon atoms [553]. Surface chlorine could also contribute to
the deactivation of TiO2 [541, 554], potentially through decreasing O2 and CO-O2
adsorption intermediate generation [540].

Overall, the XPS analysis is consistent with the assumptions previously made in
terms of a correlation between levels of surface contamination and the detected
degradation in photocatalytic activity deterioration (ttb increase).
Pilkington ActivTM samples exposed to Actichlor PlusTM showed evidence of sodium
ion accumulation (2 %). However, Pilkington ActivTM samples exposed to
ChloraPrepTM indicated high carbon (59 %) and nitrogen (14 %) contaminations,
together with chlorine (3 %) and sulphur (3 %).
In contrast, Pilkington ActivTM samples exposed to Virusolve+TM indicated negligible
evidence of additional surface contamination, whilst for reported resazurin ink
degradation experiments, an increase in ttb values was nevertheless observed.
Furthermore, Pilkington ActivTM samples exposed to SteriCleanTM again indicated
negligible evidence of additional surface contamination, correlating in this case
with little or no increase in ttb being detected during ink degradation experiments.

Both X-ray diffraction (XRD) and Raman spectroscopy were applied to the
Pilkington ActivTM samples to study the possible role of cleaning agents in altering
crystallinity of Pilkington ActivTM films. Initial XRD studies of film crystallinity proved
to be ineffectual, predominately resulting from very thin natures of analysed films
combined with a general lack of XRD sensitivity as an analysis method. Therefore,
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Raman spectroscopy was utilized as an alternative technique. Figures 3.11 and 3.12
indicate Raman spectra recorded from a reference Pilkington ActivTM sample and
furthermore Pilkington ActivTM samples after repeat resazurin photocatalytic
degradation and exposure to individual cleaning agents.

Figure 3.11: Raman spectroscopy data for a reference Pilkington ActivTM sample

Figure 3.12: Raman spectroscopy data for Pilkington ActivTM samples after repeat
resazurin photocatalytic degradation and exposure to individual cleaning agents.
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Raman spectra are essentially identical from all studied samples in figures 3.11 and
3.12, displaying modes at: 144 cm-1, 399 cm-1, 517 cm-1 and 636 cm-1, correlating to
Eg, Eg, A1g + B1g and Eg vibration modes of crystalline anatase TiO2 [555].
Additionally, a broad band at 560 cm-1 can be attributed to the Pilkington ActivTM
SiO2 coated glass substrate.
Furthermore, figure 3.13 focuses on the 144 cm-1 Eg mode to highlight any
disparities in peak intensity or width. This potentially results from variable amounts
of surface roughening [556, 557] corresponding to differing cleaning agent
exposures during repeat resazurin photocatalytic degradation.

Figure 3.13: Differing 144 cm-1 Eg peak intensity for Pilkington ActivTM samples
individually exposed to disparate cleaning agents during resazurin ink degradation.

As indicated in figure 3.13 spectra for all treated and untreated Pilkington ActivTM
samples are essentially identical within analytical process variation. Therefore,
within the parameters of Raman spectroscopy analysis, cleaning agent application
did not induce any particular surface damage or variation in crystallinity.
Furthermore, to highlight possible chemical or mechanical influences of cleaning
agent application on Pilkington ActivTM surface morphology after repeat resazurin
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ink photocatalytic degradations, surface SEM was performed on all samples (figure
3.14).
a)

b)

c)

d)

e)

Figure 3.14 a-e): indicate surface SEM images of; a) untreated Pilkington ActivTM
surface and Pilkington ActivTM surfaces treated with b) SteriCleanTM, c) Virusolve+TM,
d) Actichlor PlusTM and e) ChloraPrepTM.
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As suggested from figure 3.14, apart from variation in instrumental contrast,
Pilkington ActivTM surfaces all appear similar, incorporating a high density globular
anatase crystallite surface structure and correspond with Raman spectroscopic
data. Correspondingly, it is not possible to cite utilization of cleaning agents in
terms of possible surface roughening or smoothening, elsewhere indicated to alter
surface area and photocatalytic activity [558].
3.5 Conclusions
This study has revealed the following:


The expected increase in hydrophilic water contact angle under UV light
exposure for the Pilkington ActivTM films, is not observed on treatment with
Actichlor PlusTM, ChloraprepTM or Virusolve+TM cleaning agents.



The photocatalytic activity of Pilkington ActivTM surfaces is decreased with
respect to the photo-reduction of resazurin ink on hospital cleaning agent
exposure.



In particular, the photocatalytic activity of Pilkington ActivTM surfaces can be
drastically reduced by residue presence after treatment with Actichlor
PlusTM or ChloraprepTM.



Multiple treatments provide variable effect on the photocatalytic activity of
the Pilkington ActivTM film. Largest reductions in photocatalytic activity was
observed typically after one exposure for Virusolve+TM and StericleanTM
treatments and after two exposures for the ChloraprepTM treatment.
Additionally, the treatment with Actichlor Plus shows continued
photocatalytic activity degradation across all three exposures.



Treating Pilkington ActivTM surfaces with StericleanTM or Virusolve+TM did not
provide any significant residue or variation in surface environment.
Whereas treatment of Pilkington ActivTM films with Actichlor PlusTM or
ChloraprepTM created sodium, chlorine and sulphurous residues equatable
to cleaning agent constituents and provided variation in surface
environments.
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None of the cleaning agents cause any noticeable structural or
morphological alterations to the Pilkington ActivTM films.

Henceforth, this research suggests if regular treatment of an antimicrobial TiO 2 film
with an antibacterial agent is required throughout the working day in a clinical
environment, then StericleanTM would be the cleaning agent of choice. However,
despite StericleanTM treatment showing the lowest effect on the photocatalytic
activity of Pilkington ActivTM films. StericleanTM may not be as effective towards
microbes as other cleaning agents, in this case, Virusolve+TM could be a good
compromise. Additionally, the other cleaning reagents (Actichlor PlusTM and
ChloraprepTM) examined here may cause permanent loss of photocatalytic activity
across repeat cleaning treatments.
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Chapter 4: ALD growth and characterization of a range of
nanolaminate doped TiO2 films: The role of the dopant in
determining electrical, morphological, optical and
photocatalytic properties.
4.1 Introduction
As discussed in chapter 1, typical TiO2 film properties vary on doping with specific
dopants, based on: radius, charge, oxide band gap, incorporation type and
concentration. In particular, doping concentration varies photoactivity depending
on the dopant metal or metal oxide properties with an optimal dopant
concentration of around 0.01-1 % in TiO2 reportedly providing an increase in
photocatalytic activity, irrespective of dopant [155]. This research also notes going
beyond the optimal 0.01-1 % concentrations range for advantageous dopants may
provide mid-band gap energy state generation to decrease overall band gap size
and thus facilitate greater light absorption. However, other work cites an optimal
dopant concentration range 3-5 % [30]. Further dopant incorporation beyond the
optimal is said to increase the number of recombination centres [171, 187, 396], as
well as induce metal dopant oxide insolubility [559], both serving to degrade
photocatalytic ability.
Furthermore, dopants (M) typically undergo either substitutional (MTi) or
interstitial (Mi) incorporation into TiO2, dependent on the dopant ionic size and
charge with lattice distortion [198] and defects resulting. Photocatalytic activities
are subsequently influenced by higher defect concentrations [153, 560, 561] and/or
disruption to crystallinity [562, 563].
Dopants located at bulk or surface sites also vary the photocatalytic properties,
with surface dopants providing recombination sites and bulk dopants adversely
acting as deep charge carrier trapping sites, increasing recombination [30].
However, smaller dopants as compared to Ti4+ (74.5 pm), can provide interstitial
and substitutional incorporation, varying TiO2 defect concentrations by inducing
lattice strain (Mi) and charge compensation (Mi and MTi) [285, 296].
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The necessary charge compensation for overall lattice cell neutrality originates
from interactions on aliovalent/isovalent doping, varying the naturally occurring
Ti3+/VO.. and VTi,,,, defect concentrations through oxygen TiO2 film diffusion [2, 18,
150, 154]. Substitutional aliovalent dopants are either:


n-type, providing; states beneath TiO2 conduction band minimum and VTi,,,,
species necessary for charge compensation [205].



p-type, providing both states above the TiO2 valence band maximum and
Ti3+/VO.. to compensate charge [19, 150, 564].

Additionally, interstitial doping generates excess electron donation into the TiO 2
lattice [418, 565], creating VTi,,,, necessary for charge compensation. Predominately,
charged defect creation produces greater exciton trap density and mid-band gap
energy levels, further decreasing the effective band gap. As a result, lower optimal
dopant concentrations are thought to be required in order to increase both
excition lifetimes and surface ROS generation [566]. However, dopants possessing
similar properties to Ti4+ usually undergo successful substitution with lower defect
concentration and film strain resulting.
In the research detailed here, a range of aliovalent/isovalent dopants possessing
disparate ionic sizes: Ag+, Al3+, Hf4+, Sn2+/4+ and V5+/4+/3+ have undergone
incorporation into TiO2, through nanolaminate ALD cycle growth. The subsequent
section describes the potential photocatalytic properties resulting from these
doped TiO2 films with a brief description of previous literature included here, so as
to provide a context for the description of the following experimental systems.
Aluminium ions (Al3+: 67.5 pm) either occupy interstitial lattice (Ali) or substitute
into Ti4+ (AlTi,) sites [163-166] with associated VO.. generation. Ti1-xO2:Alx films show
inconsistent photocatalytic activity with both increasing [167-170] and decreasing
[45, 171-173] activity on aluminium incorporation reported in contrast to nominally
undoped TiO2. This suggests outcomes are highly dependent on the film synthesis
procedure, the doping method and the dopant concentration utilized.

123

However, optimal dopant concentrations (0.5-1.1 %) for Ti1-xO2:Alx films correlate
to an increase in photocatalytic activity [167-170], resulting from secondary charge
compensation and VO.. generation to create mid band gap states. Further increase
in aluminium concentration [171-173] provides a suppression of photocatalytic
activity resulting from Al3+ dopant ions acting as deep traps [45], capturing charge
carriers prior to surface migration.
Hafnium ions (Hf4+: 85 pm) possess an identical oxidation state, but an increased
size as compared to Ti4+, probably resulting in lattice stain on substitutional doping.
Hf4+ substitution typically provides a decrease in photocatalytic activity through
inducing strain in Ti1-xO2:Hfx films to produce anatase/amorphous morphologies
[182]. Since the VO.. concentration variation is not expected to alter upon Hf 4+
doping, any appreciable increase in the density of mid-band gap states is unlikely.
This essentially provides immobile conduction and valence band states and
constant band gap, with strain decreasing the degree of crystallinity resulting in
decreasing photocatalytic activity on hafnium doping [183, 184]. However, the
mixed oxide TiHfO2 has been shown to exhibit visible light photocatalysis
associated with a red shift in band gap as compared to TiO 2, and has consequently
been utilized in water splitting applications [185].
Silver ions (Ag+: 129 pm) present a lower oxidation state and an ionic radius of
almost double size as compared to Ti4+, suggesting the creation of significant
charge compensation defects and strain on substitutional doping. However, Ag2O
possesses a 1.46 eV band gap, suggesting the possibility of visible light wavelength
absorption through mid-band gap state creation on formation within TiO2, but
complexities could arise here due to transitions to and mixing with filled 4d
orbitals.
Silver ions have been shown to trap electrons [186], decreasing recombination
rates [186, 188] through interfacial charge transfer to provide increased surface
ROS concentrations [187]. Silver ions may also contribute towards weakening of
surface bridging complex bonds, promoting ART [189] and extending the material
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absorption properties and therefore photocatalytic activity into the visible
spectrum [186, 190, 191].
Tin ions exist in two stable oxidation states, Sn2+: 136 pm and Sn4+: 83 pm and both
could substitute Ti4+ sites (typically Sn4+ [196]) in TiO2. This substitution would
induce lattice distortion and increase surface defect concentrations [145, 197],
influencing the subsequent photocatalytic activity.
SnO2 also possesses a lower energy conduction band as compared to TiO2 [200],
further facilitating excited electron charge transfer between TiO 2 and SnO2
conduction bands to increase charge carrier trapping and excited state lifetimes. As
a consequence, if Sn4+ is incorporated into TiO2 in the form of SnO2 or a very similar
sub oxide, a reduction in band gap is likely [197], improving photocatalytic activity.
Additionally, SnO2 conduction band electrons could capture oxygen molecules to
generate superoxide radicals [197], increasing the photocatalytic activity.
Furthermore, strong Sn 5s hybridization with O 2p and Sn 5s/5p lone pair states
near valence bands could also induce visible light activity [198, 201].
Three vanadium ions (V3+: 78 pm, V4+: 72 pm and V5+: 68 pm) could undergo
substitution into Ti4+ sites with each generating negligible strain as a result of
similar ionic sizes as compared to Ti4+. On substitution, mid-band gap states could
be provided should the corresponding oxides (V2O3, VO2, V2O5) form as a result of
lower band gaps possessed (0.6, 0.6/2.4 and 2.3 eV, respectively). Ti1-xO2:Vx has
previously been found to possess increased photocatalytic activity [45] with a red
shift towards visible light absorption [205] and a 400-500 % increase in methylene
blue degradation rate, as compared to undoped TiO2. Also, V4+ substitutional
doping (VTi) is shown to generate a band gap decrease through V4+ 3d and Ti4+
orbital overlap, with V4+ favouring exciton generation.
In the following sections, doped TiO2 films synthesized with the dopants previously
described are examined for possessed photocatalytic properties relating to film
structure and composition.
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4.2 Methodology
4.2.1 ALD film synthesis
Nominally undoped and doped TiO2 films were grown by thermal atomic layer
deposition (Cambridge Nano Tech Fiji 200 system) at 180 oC under argon gas onto
pre-cleaned (5 minutes oxygen plasma) fused quartz substrates (Vitreosil® 077
optical fused quartz). TDMAT (tetrakis(dimethylamino)titanium(IV)) and H2O were
utilized as TiO2 precursors and were kept at 80 oC and 25 oC respectively.
Nanolaminate dopant precursor (as listed in table 4.1) cycle addition replaced
titanium precursor cycles in order to generate two separate dopant film
concentrations with 19:1 and 99:1 (titanium:dopant) cycle ratios, across 400 cycles
overall.
Dopants

Precursors

Bubbler
Temperatures (oC)

Aluminium

TMA (trimethylaluminium)

25

Hafnium

TEMAH

95

(tetrakis(ethylmethylamino)hafnium(IV))
Silver

TMHDAg (2,2,6,6-tetramethyl-3,5-

100

heptanedionatosilver(I))
Tin

TDMASn (tetrakis(dimethylamino)tin(IV)

60

Vanadium

TDMAV

70

(tetrakis(dimethylamino)vanadium(IV))

Table 4.1: Dopants and associated precursors
All samples underwent annealing at 400 oC in an air furnace (ThermolyneTM
Benchtop 1100 oC Muffle Furnace) for two hours.
4.2.2 TiO2 and Ti1-xO2:Mx sample analysis
All films were analysed utilizing previously described methodology within Chapter
2. Specific technique variation or films analysed to this chapter are listed here:
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SEM image scales: 5 µm for Ti1-xO2:Agx (19:1) and 50 µm for Ti1-xO2:Hfx
(99:1).



TEM on nominally undoped TiO2 and Ti1-xO2:Agx (19:1) films (both annealed)
with images scaled at 50, 20 and 5 nm.



XPS was performed on nominally undoped annealed TiO2 and all (19:1)
doped TiO2 films after 3 seconds sputtering. Depth profiling was performed
on Ti1-xO2:Agx (19:1), Ti1-xO2:Snx (19:1) and Ti1-xO2:Hfx (19:1) films with
continued argon beam sputtering until silicon concentration increase from
film-substrate interfaces.



Initial photocatalytic ink degradation was applied by felt tip, followed by
150 minutes under 3.31 mW/cm2 UV light intensity, with images scanned
at: 0, 5, 10, 15, 20, 30, 45, 60 75, 90, 120 and 150 minutes. Further analysis
was performed utilizing a 3 mm K-bar for application of basic blue 66 or
resazurin ink for two separate scans under 3.24 mW/cm2 UV light intensity.
Nominally undoped TiO2, Ti1-xO2:Agx (19:1) and Ti1-xO2:Snx (19:1) samples
were irradiated for 22 minutes with images recorded at 2 minute intervals.
Ti1-xO2:Hfx (19:1), Ti1-xO2:Hfx (99:1) and Ti1-xO2:Snx (99:1) samples were
irradiated for 120 minutes with images recorded at 10 minute intervals.



Initial water contact angle measurements under a UV light irradiation of
3.19 mW/cm2. Further water contact angles were measured after: 30, 60,
90 and 120 minutes exposure to a UV light irradiation of 3.53 mW/cm2, for
samples showing a previous degree of photocatalytic ink degradation or
water contact angle variation.

4.3 Results
Prior to annealing, all doped films were amorphous in nature as determined by XRD
and Raman measurements. As might be expected, films indicated no evidence of
photocatalytic activity regarding bleaching of basic blue 66 ink or a reduction in
water contact angle. Therefore, it is concluded for the amorphous films, dopant
addition did not induce any appreciable photocatalytic activity. (Data included in
appendix A).
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After annealing, XRD and RAMAN measurements were repeated on all nominally
undoped and nanolaminate doped TiO2 films. In the XRD experiments, reflections
at 25.3o 2ϑ, indicative of anatase (101) planes were generated from the nominally
undoped TiO2 film, as well as the Ti1-xO2:Agx, Ti1-xO2:Hfx and Ti1-xO2:Vx films doped at
99:1 cycle ratios (figure 4.1). In contrast, the doped samples prepared utilizing the
19:1 nanolaminate cycle ratio as well as the Ti1-xO2:Snx and Ti1-xO2:Alx (99:1) films
indicate no evidence of anatase generation, suggesting that these samples are
essentially amorphous (figure 4.2).

Figure 4.1: XRD of the annealed undoped TiO2 film, the Ti1-xO2:Agx (99:1) film, the
Ti1-xO2:Hfx (99:1) film and the Ti1-xO2:Vx (99:1) film indicating very weak 25.3 o (101)
anatase reflections.
Not surprisingly, minimal doping (99:1) has a negligible effect on the crystallinity
with a majority of films possessing some evidence of anatase crystallinity.
However, where detected the (101) anatase peak reflection intensities are barely
distinguishable from high background noise that is typically observed from an
amorphous material, figure 4.2. Limited peak reflection intensities originate from
either the presence of only a minimal amount of anatase TiO2 in the sample or the
lack of technique sensitivity, as the samples produced were approximately 20 nm
thick. Therefore, Raman spectroscopy was further utilized to study the samples
indicated.
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Raman spectroscopy revealed anatase presence in the undoped sample in figure
4.3, though appearance of peaks at; 144 cm-1 (Eg), 199 cm-1 (Eg), 399 cm-1 (B1g), 517
cm-1 (A1g+B1g) and 636 cm-1 (Eg). Additionally, Raman peaks were detected in the
spectra corresponding to doped samples. The spectrum for Ti1-xO2:Alx (99:1)
contained a peak at; 144 cm-1. The spectrum for Ti1-xO2:Snx (19:1) showed peaks at;
142 cm-1, 197 cm-1, 395 cm-1 and 636 cm-1. The spectrum for Ti1-xO2:Vx (19:1)
indicated peaks at; 144 cm-1, 201 cm-1, 395 cm-1, 513 cm-1 and 639 cm-1, whilst the
Ti1-xO2:Vx (99:1) spectrum showed peaks at 146 cm-1, 202 cm-1 and 640 cm-1 (figure
4.3).

Figure 4.3: Raman spectra recorded from nominally undoped TiO2, Ti1-xO2:Alx (99:1),
Ti1-xO2:Snx (19:1) and Ti1-xO2:Vx (19:1) and (99:1) films on quartz substrates (rest in
appendix A).
The other spectra peaks present arise either from the quartz substrate [567-569] or
from the dopant oxides, e.g. the peak for the Ti1-xO2:Alx (99:1) sample at 645 cm-1
and the peaks for the Ti1-xO2:Vx (19:1) sample at 257 cm-1 and 332 cm-1. Therefore
indicating dopant oxide may form via the nanolaminate growth approach. Al2O3
and VO2 appear to form resulting from possible ionic diffusion at elevated
temperatures utilized for annealing. Typically dopant ions may accumulate at
crystalline film defects (grain boundaries) and coalesce into dopant oxides, creating
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mixed-oxide films. Ti1-xO2:Vx and Ti1-xO2:Alx both involve dopant ions possessing
smaller ionic radii (Al3+: 67.5 pm and V4+: 72 pm) in contrast to Ti4+ (74.5 pm). This
potentially allows greater ionic diffusion through TiO2 lattices as compared to Ti1xO2:Snx

(Sn4+: 83 pm), Ti1-xO2:Hfx (Hf4+: 85 pm) and Ti1-xO2:Agx (Ag+: 129 pm) films.

Furthermore, the other Ti1-xO2:Mx (99:1 and 19:1) films indicated essentially
featureless spectra, suggesting an amorphous nature to these samples.
Overall, the appearance of anatase crystallinity correlates loosely with dopant
concentration for the limited number of samples studied. The Ti 1-xO2:Agx and Ti1xO2:Hfx

(99:1) films exhibit some degree of anatase crystallinity. However,

increasing dopant incorporation in films by increasing the ALD ratio to (19:1) for
the Ti1-xO2:Alx, Ti1-xO2:Agx and Ti1-xO2:Hfx films provides essentially amorphous
materials, as observed in XRD and Raman spectroscopy.
Increasing the nanolaminate concentrations, for example for the Ti 1-xO2:Hfx and Ti1xO2:Alx

(19:1) samples, appears to physically disrupt the otherwise minimal anatase

formation process. This disruption presumably results from the increased ionic
radius of Hf4+, which can inhibit atomic reorganisation processes or the smaller ion
radius of Al3+ allowing effective diffusion and inhibition of anatase formation.
Furthermore, as noted earlier, increased aluminium concentration also appears to
facilitate Al2O3 generation (Raman feature at 645 cm-1) through diffusion.
As expected the Ti1-xO2:Vx (99:1) film retains some degree of anatase crystallinity.
However, here interestingly the anatase crystallinity persists even when the
vanadium content is increased as in the Ti1-xO2:Vx (19:1) film. This suggests that V4+
induces minimal disruption to the host lattice as a result of V4+ possessing an ionic
radius similar to the host Ti4+ ion. Furthermore, as previously noted, increased
vanadium concentration also appears to facilitate VO2 formation (Raman features
at 257 cm-1 and 332 cm-1) through diffusion.
In stark contrast to the above results, the Ti1-xO2:Snx (99:1) sample appears to be
amorphous, whilst Ti1-xO2:Snx (19:1) containing greater tin concentrations, appears
to indicate evidence of anatase generation. Literary reports cite the ability of tin to
induce anatase stabilization via a catalytic nucleation effect [204, 570]. Therefore, it
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is possible, dissimilar to other systems studied here, that increased tin
concentrations may lead to an enhancement in terms of anatase creation.
SEM and HRTEM were utilized to study the surface topography of the samples
produced here, as well as to search for evidence of crystallinity in cross sectional
samples. Figure 4.4 shows SEM images of the as-grown and annealed nominally
undoped samples. The unannealed surface possesses a smooth surface
morphology (figure 4.4 a). In comparison, the SEM image for the annealed
nominally undoped TiO2 sample (figure 4.4 b) shows a more mixed surface
morphology, which is possibly indicative of the some crystallinity presence together
with amorphous morphology.
a)

b)

Figures 4.4: a) As-grown and b) annealed nominally undoped TiO2 surfaces.
SEM images of the annealed Ti1-xO2:Agx (19:1) sample are presented in figure 4.5.
From this figure, the presence of some structure in the form of granular regions
within an otherwise smooth morphology is suggested (figure 4.5 a)). Figure 4.5 b)
also appears to show evidence of scattered surface pinhole formation, even though
it is difficult to tell directly. Furthermore, the other as-grown TiO2 films suggested
smooth surface morphologies with corresponding SEM images in appendix A.
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a)

b)

Figures 4.5: Surface SEM of the a) as-grown and b) annealed Ti1-xO2:Agx (19:1) films.
a)

b)

c)

Figure 4.6: Surface SEM of a) the annealed Ti1-xO2:Agx (99:1), b) the annealed Ti1xO2:Alx

(99:1) film and c) the annealed Ti1-xO2:Alx (19:1) film.
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In comparison, the SEM images of Ti1-xO2:Agx (99:1), as well as Ti1-xO2:Alx (99:1 and
19:1) samples show evidence of scattered lamellae structures surrounded by
otherwise smooth regions (figures 4.6 a) and b)).
As might be expected, SEM images of the Ti1-xO2:Hfx and Ti1-xO2:Snx samples show
rather more structure, (figures 4.7 a), b), c) and d)). In particular the Ti 1-xO2:Hfx
(99:1) sample appears to possess greater granular density and pin hole size (<2 µm)
as compared to the Ti1-xO2:Hfx (19:1) sample. This suggests that the detected trend
of reducing crystallinity with increasing dopant inclusion carries over to these
samples.
a)

b)

c)

d)

Figure 4.7: Surface SEM of a) the annealed Ti1-xO2:Hfx (99:1) film, b) the annealed
Ti1-xO2:Hfx (19:1) film, c) the annealed Ti1-xO2:Snx (99:1) film and d) the annealed Ti1xO2:Snx

(19:1) film.
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However, the Ti1-xO2:Snx (99:1) sample appears to present a similar granular density
as compared to Ti1-xO2:Hfx (19:1). The Ti1-xO2:Snx (19:1) sample also shows evidence
of a lamella morphology, indicating tin inclusion appears to favour crystallinity
against the observed trend, as compared to undoped TiO2.
SEM images recorded from the Ti1-xO2:Vx (99:1 and 19:1) samples show the
presence of a structure similar to that observed for the Ti 1-xO2:Snx samples, figures
4.8 a) and b). The lamella-like morphology observed in figure 4.8 a) is suggestive of
some crystallinity presence. To discern any major disparities between the 99:1 and
19:1 samples is difficult, arguably the Ti1-xO2:Vx sample with higher vanadium
concentration shows more structure, perhaps resulting from a higher degree of
crystallinity.
a)

b)

Figure: 4.8 Surface SEM of a) the annealed Ti1-xO2:Vx (99:1) film and b) the annealed
Ti1-xO2:Vx (19:1) film.
To summarize, all as-grown TiO2 and Ti1-xO2:Mx films are essentially amorphous in
nature. In contrast, annealed nominally undoped TiO2 and some Ti1-xO2:Mx films
suggest anatase crystallite formation, specifically; the Ti1-xO2:Agx (99:1), Ti1-xO2:Hfx
(99:1) and Ti1-xO2:Vx (99:1) films through XRD, and the Ti1-xO2:Alx (99:1), Ti1-xO2:Sn
(19:1) and Ti1-xO2:Vx (99:1 and 19:1) films through Raman spectroscopy.
Additionally Surface SEM suggests some crystalline presence throughout all
annealed Ti1-xO2:Mx films with scattered granular or lamella morphologies.
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Transmission electron microscopy (TEM) was performed on both the annealed
nominally undoped TiO2 sample and the noticeably thinner, annealed Ti1-xO2:Ag
(19:1) sample (figure 4.9 a), b), c) and d)). The images presented for the nominally
undoped TiO2 indicates the presence of some anatase polycrystalline morphology
with grain boundaries and an average film thickness of 18.5 nm. The Ti 1-xO2:Agx
(19:1) sample also possesses some polycrystalline morphology and grain
boundaries separating both amorphous and anatase regions may be seen.
a)

b)

c)

d)

Figure 4.9: TEM on a) and b) the nominally undoped TiO2 film, as well as on c) and
d) the Ti1-xO2:Agx (19:1) film, suggesting: film thicknesses, grain boundaries and
crystalline planes.
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Interestingly, conclusive evidence for some crystallinity in Ti1-xO2:Agx was not
forthcoming from the XRD, Raman or SEM analysis. Also of interest is the
noticeably lower average 13.6 nm thickness of the Ti1-xO2:Agx (19:1) sample, as
compared to the undoped TiO2 sample, implying either the silver or silver precursor
is somehow inhibits the growth of TiO2.
Both the nominally undoped TiO2 and Ti1-xO2:Agx (19:1) samples possess distinct
crystalline planes with an identical average interplanar spacing of 0.37 nm,
comparable to the 0.35nm found in (101) anatase TiO2 [571, 572]. Notably, TEM is
capable of directly detecting crystallite presence, similar to those previously
indicated above, in contrast to the other analytical methods utilized here, namely;
XRD, Raman and SEM. Therefore, to rely solely on Raman, XRD and SEM to obtain
evidence of crystallinity within the particularly thin films mentioned here would be
erroneous.
XPS analysis was performed on the nominally undoped TiO 2 (Table 4.2 and 4.3) and
doped TiO2 films prepared here to determine the film composition and
stoichiometry. XPS was also utilized to determine any evidence for Ti3+ formation,
since Ti3+ is known to influence photocatalytic activity. Table 4.2 and 4.3 show the
presence of some 5.6 % Ti3+ (2p3/2/2p1/2, 457.7/462.2 eV) equating to 18.5 % of the
total detected titanium signal with the remaining 24.6 % (81 % total) titanium
present as Ti4+ (2p3/2/2p1/2, 459.3/464.9 eV) [150, 573]. On comparison with the
signals for lattice incorporated oxygen (O 1s, 530.6 eV) at 58.8 %, a very slight bulk
oxygen deficiency is indicated if one assumes an ideal 1:2 (Ti:O). This suggests that
Ti3+ formation may arise through VO.. defect creation from oxygen diffusion [574].
Low resolution

TiO2

TiO2

Peak

Position (eV)

Concentration (%)

O 1s

529.9

66.9

Ti 2p

458.9

30.1

C 1s

284.9

3.0

Table 4.2: Low resolution XPS results for the annealed nominally undoped TiO2 film.
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High resolution

TiO2

TiO2

Peak

Position (eV)

Concentration (%)

O 1s_1

530.6

58.8

O 1s_2

531.7

8.7

Ti3+ 2p_1

457.7

3.7

Ti3+ 2p

462.6

1.9

Ti4+ 2p_1

459.3

16.4

Ti4+ 2p

464.9

8.2

C 1s_1

284.7

1.6

C 1s_2

286.6

0.4

C 1s_3

289.4

0.3

Table 4.3: High resolution XPS results for the annealed nominally undoped TiO2
film.
After three seconds sputtering, it was found that signals due to surface nitrogen,
carbon and silicon contamination were removed. Detection of these elements
subsequent to sputtering may be attributed as arising directly from the growth
process. For the nominally undoped TiO2 film, minimal bulk carbon (1.6 % C-C/C=C
bonding) and remnant surface (0.7 % C-O/O-C=O) contamination result from
absorbed atmospheric CO2 generating surface carbonates on reaction with
hydroxyl groups [575].
For doped TiO2 samples, Ti3+ concentrations were indicated to vary as a function of
both annealing and the dopant nature. Table 4.4 compares Ti3+ percentages in
doped TiO2 films with remaining titanium ions present as Ti4+ in sufficiently oxygen
saturated environments (a 1:2 (Ti 2p : O 1s) ratio).
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Total Ti3+ % as-

Total Ti3+ %

Total Ti3+ %

grown films

annealed films

after sputtering

TiO2

n/a

19

n/a

Ti1-xO2:Agx (19:1)

17

16

52

Ti1-xO2:Alx (19:1)

20

12

n/a

Ti1-xO2:Hfx (19:1)

16

16

18

Ti1-xO2:Snx (19:1)

13

11

31

Ti1-xO2:Vx (19:1)

15

8

n/a

Table 4.4: Ti3+ percentages in as-grown and annealed (surface and depth profile) for
the nominally undoped and doped TiO2 films
As observed, annealing decreases Ti3+ concentrations (table 4.4) for all doped TiO2
films, suggesting efficient Ti3+ to Ti4+ oxidization from excess heat energy provision
in an oxygen rich environment. However, increasing film depth on sputtering
reveals significantly greater bulk Ti3+ concentrations for the annealed Ti1-xO2:Agx
and Ti1-xO2:Snx (19:1) films, as compared to surface regions. As well as minimal bulk
Ti3+ concentration increase for the annealed Ti1-xO2:Hfx (19:1) film, as compared to
surface regions. This variation between bulk and surface regions, could either be
from direct atmospheric oxidation or could correlate with bulk oxygen leaching
during annealing, providing greater bulk Ti3+ concentrations through reduction of
Ti4+.
Additionally, no obvious correlation is detected between the nature of the dopant
and Ti3+ concentration variation with film annealing. However, the as-grown Ti1xO2:Alx

(19:1) film shows the greatest Ti3+ concentration as compared to all other

doped films studied. Although a correlation cannot be proven from the presented
data, the as-grown Ti1-xO2:Alx (19:1) possessing highest Ti3+ concentration could
originate via charge compensation mechanisms. These mechanisms lead to greater
VO../Ti3+ concentrations, through aliovalent (Al3+) dopant ion “substitution” for Ti4+
ions.
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Furthermore, the annealed Ti1-xO2:Alx (19:1) samples indicates a significant
decrease in Ti3+ concentration. As previously noted, this presumably arises from
annealing in an oxygen rich atmosphere. Under such conditions, electrical factors
similar to charge compensation are presumably negated by alternative chemical
variations related to dopant oxide formation, as suggested from the Raman
spectroscopy data presented on page 129.
Tables 4.5, 4.6 and 4.7 show the XPS analysis of the as-grown and annealed Ti1xO2:Agx

(19:1) films with table 4.6 comparing Ti1-xO2:Agx (19:1) film peak positions

with the annealed nominally undoped TiO2 film (table 4.2 and 4.3). Additionally,
table 4.7 shows XPS analysis of the annealed Ti1-xO2:Agx (19:1) film subsequent to
40 seconds sputtering with peak position comparison to the un-sputtered annealed
Ti1-xO2:Agx (19:1) film.
Ti1-xO2:Agx

Ti1-xO2:Agx

Annealed

Annealed Ti1-

(19:1)

(19:1)

Ti1-xO2:Agx

xO2:Agx

(19:1)

(19:1)
Peak

Position

Concentration

Position

Concentration

(eV)

(%)

(eV)

(%)

O 1s

530.5

63.7

531.9

58.2

Ti 2p

458.5

27.0

457.9

8.6

C 1s

285.5

8.2

284.9

4.4

N 1s

n/a

n/a

399.9

0.3

Si 2p

102.5

1.0

102.7

27.6

Fe 2p

n/a

n/a

710.9

0.6

Ca 2p

n/a

n/a

346.9

0.3

Table 4.5: Low resolution XPS results for both the as-grown and annealed Ti1xO2:Agx

(19:1) films.
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Ti1-xO2:Agx

Ti1-xO2:Agx

Annealed

Annealed Ti1-

(19:1)

(19:1)

Ti1-xO2:Agx

xO2:Agx

(19:1)

(19:1)
Peak

O 1s_1 (metal

Position

Concentration

Position

Concentration

(eV)

(%)

(eV)

(%)

530.6

54.2

530.5

25.0

531.8

10.1

532.6

57.3

oxide)
O 1s_2 (organics,
hydroxide)
Ti 2p_1 (Ti3+ 2p3/2)

(531.7)
457.5

3.3

457.1

1.2

(457.7)
Ti 2p (Ti3+ 2p1/2)

462.8

1.6

462.2

0.6

(462.6)
Ti 2p_1 (Ti4+ 2p3/2)

459.1

15.8

458.9

6.2

(459.3)
Ti 2p (Ti4+ 2p1/2)

464.8

7.9

464.5

3.1

(464.9)
C 1s_1 (C=C/C-C)

284.7

3.9

284.8

4.7

C 1s_2 (C-O)

286.3

2.4

286.0

1.6

(286.6)
C 1s_3 (O-C=O)

289.2

(286.6)
0.9

288.8

0.4

(289.4)

Table 4.6 High resolution XPS results for both the as-grown and annealed Ti1xO2:Agx

(19:1) films with the peak shifts from the annealed nominally undoped TiO 2
film positions highlighted in brackets.
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Annealed Ti1xO2:Agx

(19:1) 40

Annealed Ti1-xO2:Agx
(19:1) 40 seconds

seconds sputtering

sputtering

Peak

Position (eV)

Concentration (%)

O 1s_1

531.9 (530.5)

25.6

O 1s_2

533.4 (532.6)

65.9

Ti3+ 2p_1

458.7 (457.1)

2.7

Ti3+ 2p

464.3 (462.2)

1.3

Ti4+ 2p_1

460.1 (458.9)

2.5

Ti4+ 2p

465.8 (464.5)

1.2

C 1s_1

285.4 (284.8)

0.7

Table 4.7: High Resolution XPS results for the annealed Ti1-xO2:Agx (19:1) films after
40 seconds sputtering, with comparison to peak positions for the annealed Ti 1xO2:Agx

(19:1) after 3 seconds sputtering highlighted in brackets.

Most strikingly, tables 4.5 and 4.6 shows that silver (Ag+ 3d5/2: 367.5 or 367.7 eV)
[573, 576] is absent from both as-grown and annealed Ti1-xO2:Agx (19:1) film
surface regions. Additionally, table 4.7 indicates silver is also absent from bulk Ti1-xO2:Agx (19:1) films, either suggesting; an unsuccessful doping during ALD synthesis
or negligible silver concentrations below XPS detectable limits.
Table 4.5 also indicates small amounts (0.3 %) of adventitious nitrogen as well as
0.3% Ca2+ 2p (346.9-347.9 eV) [577] and 0.6% Fe2+ 2p(3/2

and 1/2)

(709.9-710.9 and

724.9 eV) [545] contamination. Ca2+ and Fe2+ possibly result from quartz substrate
ion diffusion on annealing with quartz substrates containing 0.5ppm calcium and
0.1ppm iron concentrations [578].
Additionally, table 4.5 also suggests a large disparity between the as-grown and
annealed Ti1-xO2:Agx (19:1) films with a greater (20.9 %) silicon signal detected in
annealed films. This possibly results from either a lower Ti1-xO2:Agx (19:1) film
thickness observed from TEM, or less likely a silicon ion diffusion from substrates.
In comparison, 1 % silicon is detected in as-grown surfaces.
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Somewhat unsurprisingly, table 4.7 shows an even greater bulk silicon
concentration (27.6 %) in or under the annealed Ti1-xO2:Agx (19:1) film, after 40
seconds sputtering. Table 4.7 also indicates significant 2p Ti and O 1s peak shifts
(+1.5/2.1/1.2/1.3 eV) and (+1.4/0.8 eV) respectively, between surface and 40
seconds sputtered Ti1-xO2:Agx (19:1) regions. Therefore suggesting a change in
titanium and oxygen chemical environments, potentially influenced by greater
silicon concentrations (figures 4.10 and 4.11).

Figure 4.10: Ti 2p peak shifts between surface (after 3 seconds sputtering) and bulk
(after 40 seconds sputtering) for annealed Ti1-xO2:Agx (19:1) film environments.
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Figure 4.11: O 1s_1 and O 1s_2 peak shifts between surface (after 3 seconds
sputtering) and bulk (after 40 seconds sputtering) for annealed Ti 1-xO2:Agx (19:1)
film environments
Greater silicon concentrations could also provide the variation in titanium and
oxygen chemical environments. As suggested by the O 1s_2 (0.9 eV) and Ti 2p (0.40.6 eV) peak shifts between the nominally undoped TiO2 and Ti1-xO2:Agx (19:1)
films, shown in figures 4.12 and 4.13.

Figure 4.12: Ti 2p peak shifts between the annealed nominally undoped TiO 2 film
and the annealed Ti1-xO2:Agx (19:1) film.
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Figure 4.13: O 1s_2 peak shifts between the annealed nominally undoped TiO 2 film
and the annealed Ti1-xO2:Agx (19:1) film.
Furthermore, relatively large adventitious carbon concentrations occur subsequent
to sputter cleaning (7.2/6.7 %, as-grown/annealed Ti1-xO2:Agx (19:1)), suggesting
incomplete surface contamination removal. Additionally, C 1s_2 and C 1s_3 peak
shifts are detected between the nominally undoped TiO2 and Ti1-xO2:Agx (19:1) films
(figure 4.14). As well as C 1s_1 peak shifts between the surface (3 second
sputtering) and bulk (40 seconds sputtering) Ti1-xO2:Agx (19:1) film regions (figure
4.15). These peak shifts suggesting an alteration in carbon chemical environments,
possibly related to the high silicon concentrations observed.
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Figure 4.14: C 1s_2 and C 1s_3 peak shifts between the nominally undoped TiO2
film and the Ti1-xO2:Agx (19:1) film.

Figure 4.15: C 1s_1 peak shifts between surface (after 3 seconds sputtering) and
bulk (after 40 seconds sputtering) for annealed Ti1-xO2:Agx (19:1) film environments.
And furthermore, depth profiling indicates a significantly lower thickness to the
annealed Ti1-xO2:Agx (19:1) film with a 100 second sputtering maximum, as
compared to 700 and 1500 second sputtering maximums for the annealed Ti 1xO2:Snx

and Ti1-xO2:Hfx (19:1) films respectively, shown below.
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Ti1-xO2:Alx

Ti1-xO2:Alx

(19:1)

(19:1)

Position

Concentration

(eV)

(%)

O 1s

529.7

62.9

529.5

61.3

Ti 2p

458.7

25.0

485.5

24.2

Al 2p

73.7

6.2

73.5

6.1

C 1s

284.7

5.8

284.5

8.5

Peak

Annealed Ti1-

Annealed Ti1-

xO2:Alx

xO2:Alx

(19:1)

Position (eV)

(19:1)

Concentration
(%)

Table 4.8: Low resolution XPS results for both the as-grown and annealed Ti1-xO2:Alx
(19:1) films.

Peak

Ti1-xO2:Alx

Ti1-xO2:Alx

(19:1)

(19:1)

Position (eV)

Concentration

Annealed Ti1-

Annealed Ti1-

xO2:Alx

xO2:Alx

(19:1)

Position (eV)

(%)

(19:1)

Concentration
(%)

O 1s_1

530.5

54.7

530.4

55.4

O 1s_2

531.7

8.2

531.7

6.9

Ti3+ 2p3/2 457.4 (457.7)

3.4

457.3 (457.7)

2.0

Ti3+ 2p1/2

1.7

462.9 (462.6)

1.0

Ti4+ 2p3/2 459.0 (459.3)

13.6

458.9 (459.3)

14.6

Ti4+ 2p1/2

464.7

6.8

464.6 (464.9)

7.3

C 1s_1

284.7

3.7

284.8

5.0

C 1s_2

286.5

1.7

286.6

1.7

C 1s_3

289.3

0.5

289.1 (289.4)

0.7

Al 2p_1

74.3

5.0

74.2

4.8

Al 2p

76.1

0.6

76.0

0.5

462.8

Table 4.9: High resolution XPS results for both the as-grown and annealed Ti1xO2:Alx

(19:1) films with the peak shifts from the annealed nominally undoped TiO 2
film positions highlighted in brackets.
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Tables 4.8 and 4.9 show the XPS analysis of the as-grown and annealed Ti1-xO2:Alx
(19:1) films and table 4.9 compares Ti1-xO2:Alx peak positions with the annealed
nominally undoped TiO2 film (tables 4.2 and 4.3). Both films indicate high Al3+
concentrations; 5.6/5.3 % (unannealed/annealed), predominately accumulated
(5/4.8 %) assumedly as nanolaminate AlOx (2p: 74.3/74.2 eV) [579]. This generated
Ti0.82Al0.18O2/Ti0.83Al0.17O2 film compositions on comparison of titanium and
aluminium concentrations. Subsequent Al-O-Ti bond formation provides 0.4/0.3 eV
peak shifts for Ti 2p (457.3, 462.9, 458.9 and 464.6eV) (figures 4.16 and 4.17).

Figure 4.16: Ti 2p peak shifts between the annealed nominally undoped TiO 2 film
and the as grown Ti1-xO2:Alx (19:1) film.
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Figure 4.17: Ti 2p peak shifts between the annealed nominally undoped TiO 2 film
and the annealed TiO2:Al (19:1) film.
Remaining Al3+ (0.6/0.5 %) are present within Al-O-C bonding (2p: 76.1/76.0 eV)
[580], generating a 0.3 eV C 1s (289.1 eV) peak shift with relatively high surface
adsorbed carbon contamination after sputter cleaning (5.8/8.5 % total). Thus
suggesting incomplete surface contamination removal (figure 4.18).

Figure 4.18: C 1s_3 peak shifts between the annealed nominally undoped TiO2 film
and the annealed Ti1-xO2:Alx (19:1) film.
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Tables 4.10, 4.11 and 4.12 show the results of XPS analysis on the as-grown and
annealed Ti1-xO2:Hfx (19:1) films with comparison to the annealed nominally
undoped TiO2 film (tables 4.2 and 4.3).
Ti1-xO2:Hfx

Ti1-xO2:Hfx

(19:1)

(19:1)

Position

Concentration

(eV)

(%)

O 1s

529.5

63.8

529.9

64.7

Ti 2p

458.5

26.5

458.9

28.7

Hf 4d

212.5

1.7

212.9

0.5

C 1s

284.5

7.3

284.9

6.1

N 1s

400.5

0.7

-

-

Peak

Annealed Ti1-

Annealed Ti1-

xO2:Hfx

xO2:Hfx

(19:1)

Position (eV)

(19:1)

Concentration
(%)

Table 4.10: Low resolution XPS results for both the as-grown and annealed Ti1xO2:Hfx

(19:1) films.

Annealed Ti1-

Annealed Ti1-

xO2:Hfx

xO2:Hfx

(19:1)

(19:1)

Peak

Position (eV)

Concentration (%)

O 1s

530.7

67.9

Ti 2p

459.3

29.9

C 1s

284.9

1.6

Hf 4d

213.7

0.6

Table 4.11 High resolution XPS results for the annealed Ti1-xO2:Hfx (19:1) film after
100 seconds sputtering.
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Peak

Ti1-xO2:Hfx

Ti1-xO2:Hfx

(19:1)

(19:1)

Position (eV)

Concentrati

Annealed Ti1-

Annealed Ti1-

xO2:Hfx

xO2:Hfx

(19:1)

Position (eV)

on (%)

(19:1)

Concentration
(%)

O 1s_1

530.4

54.4

530.4

57.6

O 1s_2

531.7

7.0

531.6

7.8

Ti3+ 2p3/2 457.4 (457.7)

2.7

457.5

3.0

Ti3+ 2p1/2

1.3

462.4

1.5

Ti4+ 2p3/2 458.9 (459.3)

14.7

459.1

16.1

Ti4+ 2p1/2 464.6 (464.9)

7.3

464.7

8.1

462.4

C 1s_1

284.7

6.6

284.7

3.2

C 1s_2

286.5

3.0

286.5

1.2

C 1s_3

289.2

0.9

289.4

0.7

N 1s

399.8

0.4

400.4

0.4

N 1s

401.2

0.2

-

-

Hf 4d_1

213.5

0.9

213.4

0.2

Hf 4d

224.2

0.7

224.0

0.2

Table 4.12: High resolution XPS results for both the as-grown and annealed Ti1xO2:Hfx

(19:1) films with the peak shifts from the annealed nominally undoped TiO 2
film positions highlighted in brackets.

Both films contain low Hf4+ concentrations: 1.6/0.4 % corresponding to
Ti0.96Hf0.04O2/Ti0.99Hf0.01O2 film composition (as-grown/annealed). Additionally,
table 4.11, the Ti1-xO2:Hfx (19:1) film after 100 seconds sputtering indicates 0.6 %
Hf4+, predominately accumulating assumedly as nanolaminate HfO2 (Hf 4d:
213.5/213.4 and 224.2/224 eV) [581] to generate a Ti0.97Hf0.03O2 bulk composition.
Figure 4.19 shows 0.3-0.6 eV peak shifts across a majority of Ti 2p peaks (457.4,
458.9 and 464.6eV) potentially resulting from lower electronegativity of hafnium
(1.3) compared to titanium (1.5), subsequently varying titanium atomic electron
density on Ti-O-Hf bonding [582].
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Figure 4.19: Ti 2p peak shifts between the annealed nominally undoped TiO 2 film
and the as-grown Ti1-xO2:Hfx (19:1) film.
From Table 4.12, the Ti1-xO2:Hfx (19:1) films both suggest adventitious carbon (7.3
and 5.1 %) and nitrogen (0.6 and 0.4 %) contamination probably resulting from
atmospheric sources. Furthermore, from table 4.11, lower (1.6 %) carbon
contamination exists after 100 seconds sputtering, suggesting minimal precursor
residue throughout the annealed Ti1-xO2:Hfx (19:1) film.
Ti1-xO2:Snx

Ti1-xO2:Snx (19:1)

(19:1)
Peak

Position (eV) Concentration (%)

Annealed Ti1-

Annealed Ti1-

xO2:Snx

xO2:Snx

(19:1)

(19:1)

Position (eV)

Concentration (%)

O 1s

529.7

64.4

529.7

63.5

Ti 2p

458.7

27.8

458.7

26.8

Sn 3d

486.7

3.0

485.7

3.1

C 1s

285.7

4.8

284.7

4.9

N 1s

-

-

401.7

0.3

Si 2p

-

-

100.7

1.4

Table 4.13: Low resolution XPS results for both the as-grown and annealed Ti1xO2:Snx

(19:1) films.
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Peak

Ti1-xO2:Snx

Ti1-xO2:Snx

(19:1)

(19:1)

Position (eV)

Concentration

Annealed Ti1-

Annealed Ti1-

xO2:Snx

xO2:Snx

(19:1)

Position (eV)

(19:1)

Concentration

(%)

(%)

O 1s_1

530.5

56.8

530.3 (530.6)

61.4

O 1s_2

531.6

6.9

531.8

3.1

Ti3+ 2p3/2 457.4 (457.7)

2.5

457.5

2.1

Ti3+ 2p1/2

1.3

462.2 (462.2)

1.0

Ti4+ 2p3/2 459.0 (459.3)

16.5

458.9 (459.3)

16.2

Ti4+ 2p1/2 464.6 (464.9)

8.3

464.6 (464.9)

8.1

462.6

C 1s_1

284.7

2.7

284.7

3.5

C 1s_2

286.4

1.6

286.5

1.1

C 1s_3

289.1 (289.4)

0.6

289.2

0.6

Sn 3d

486.9

2.9

486.7

3.0

Table 4.14: High resolution XPS results for both the as-grown and annealed Ti1xO2:Snx

(19:1) films with the peak shifts from the annealed nominally undoped TiO 2
film positions highlighted in brackets.
Annealed Ti1-

Annealed Ti1-

xO2:Hfx

xO2:Hfx

(19:1)

(19:1)

Peak

Position (eV)

Concentration (%)

O 1s

530.5

67.6

Ti 2p

459.1

29.5

C 1s

285.0

0.7

Sn 3d

486.9

2.2

Table 4.15 High resolution XPS results for the annealed Ti1-xO2:Snx (19:1) film after
60 seconds sputtering.
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Tables 4.13, 4.14 and 4.15 show the results of XPS analysis on the as-grown and
annealed Ti1-xO2:Snx (19:1) films with comparison to the annealed nominally
undoped TiO2 film (table 4.2 and 4.3). Both the as-grown and annealed Ti1-xO2:Snx
films indicate approximately 3.0 % Sn4+, predominately accumulated as SnO2 [549]
and producing Ti0.9Sn0.1O2 film compositions on comparison between titanium and
tin concentrations. Continued sputtering of the annealed Ti 1-xO2:Snx (19:1) film
subsequently indicates lower bulk tin concentrations (2.2 % at 60 seconds)
resulting in a bulk Ti0.98Sn0.02O2 film composition. Additionally, the annealed Ti1xO2:Snx

(19:1) film shows O 1s_1 (530.3 eV) and Ti 2p (462.2, 458.9 and 464.6 eV)

peak shifts (0.3-0.4 eV) with tin doping (figures 4.20 – 4.23), suggesting a variation
in oxygen and titanium chemical environments [582].

Figure 4.20: O 1s_1 peak shifts between the annealed nominally undoped TiO 2 film
and the annealed Ti1-xO2:Snx (19:1) film.
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Figure 4.21: Ti 2p peak shifts between the annealed nominally undoped TiO2 film
and the annealed Ti1-xO2:Snx (19:1) film.

Figure 4.22: Ti 2p peak shifts between the annealed nominally undoped TiO 2 film
and the as-grown Ti1-xO2:Snx (19:1) film.
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Figure 4.23: C 1s_3 peak shifts between the annealed nominally undoped TiO2 film
and the as-grown Ti1-xO2:Snx (19:1) film.
Table 4.13 also shows approximately 4.9 % adventitious surface carbon
contamination from atmospheric sources. Furthermore, table 4.15 shows minimal
carbon contamination detection (0.7 %) throughout the Ti1-xO2:Snx (19:1) film,
suggesting the presence of minimal precursor residues.
Ti1-xO2:Vx

Ti1-xO2:Vx (19:1)

(19:1)

Annealed Ti1-

Annealed Ti1-

xO2:Vx

xO2:Vx

(19:1)

(19:1)

Peak

Position (eV)

Concentration (%)

Position (eV)

Concentration (%)

O 1s

530.3

63.1

529.9

64.3

Ti 2p

458.3

23.9

457.9

22.9

V 2p

515.3

1.2

514.9

0.7

C 1s

285.3

5.3

284.9

4.0

N 1s

399.3

0.5

-

-

Si 2p

102.3

0.9

101.9

3.1

Al 2p

74.3

5.2

74.9

5.0

Table 4.16: Low resolution XPS results for both the as-grown and annealed Ti1xO2:Vx

(19:1) films.
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Peak

Ti1-xO2:Vx

Ti1-xO2:Vx

(19:1)

(19:1)

Position (eV)

Concentration

Annealed Ti1-

Annealed Ti1-

xO2:Vx

xO2:Vx

(19:1)

Position (eV)

(%)

(19:1)

Concentration
(%)

O 1s_1

530.5

58.8

530.6

59.2

O 1s_2

532.0 (531.7)

8.7

532.2 (531.7)

9.2

Ti3+ 2p3/2

457.4 (457.7)

2.5

457.5

1.3

Ti3+ 2p1/2

462.6

1.2

462.8

0.7

Ti4+ 2p3/2

459.0 (459.3)

14.4

459.1

15.2

Ti4+ 2p1/2

464.6 (464.9)

7.2

464.8

7.6

C 1s_1

284.7

3.8

284.8

3.9

C 1s_2

286.5

1.4

286.6

1.1

C 1s_3

289.4

0.5

289.7 (289.4)

0.6

N 1s

400.1

0.5

400.0

0.3

V 2p

515.7

1.0

515.8

0.9

Table 4.17: High resolution XPS results for both the as-grown and annealed Ti1xO2:Vx

(19:1) films with the peak shifts from the annealed nominally undoped TiO 2
film positions highlighted in brackets.

Tables 4.16 and 4.17 show XPS analysis results of the as-grown and annealed Ti1xO2:Vx

(19:1) films with table 4.16 highlighting peak shifting compared to the

annealed nominally undoped TiO2 film (tables 4.2 and 4.3). Additionally, table 4.16,
a high aluminium contamination of approximately 5 % is present within the asgrown and annealed Ti1-xO2:Vx films, equating to Ti-O-Al bond creation [579]. The
source of aluminium contamination is unknown, with aluminium ion diffusion from
substrate sources unlikely due to both a low substrate concentration (15 ppm)
[578] and a lack of continuity across the other doped TiO2 films. Therefore the Ti1xO2:Vx

(19:1) and (99:1) films underwent energy dispersive X-ray spectroscopy

(EDX) analysis for aluminium containing particulates (figure 4.24 a) and b).
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a)

b)

Figure 4.24: a) showing surface SEM of the Ti1-xO2:Vx (19:1) film indicating
particulate contamination and b) showing the corresponding EDX of the respective
SEM image.
From figure 4.24 a) particulates are observed at surface regions of the annealed Ti 1xO2:Vx

(19:1) film and on comparison with figure 4.24 b) showing that detected

particulates could correspond to aluminium contamination. Speculatively, this
aluminium oxide particulate contamination could possibly result from synthesis in
the Cambridge Nano Tech Fiji 200 ALD machine reaction chamber. So, for any
comparable properties with other doped films, the as-grown and annealed Ti1xO2:Vx

(19:1) films require repeat synthesis.
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From table 4.17, vanadium concentrations within the as-grown and annealed Ti1xO2:Vx

(19:1) films are slightly lower than expected from the 19:1 cycle ratio

utilized. This resulted in V4+ concentrations of approximately 1 % to produce a film
composition of Ti0.96V0.04O2 on comparison of titanium and vanadium
concentrations.
Additionally, figure 4.25 shows Ti 2p shifts for as-grown Ti1-xO2:Vx (19:1) film
corresponding to change in titanium chemical environment, potentially explainable
by surface Ti-O-V-O-H bonding [583]. Additionally, figure 4.26 shows peak position
shifting for O 1s_2, suggesting a variation in surface oxygen chemical
environments.

Figure 4.25: Ti 2p peak shifts between the annealed nominally undoped TiO 2 film
and the as-grown Ti1-xO2:Vx (19:1) film.
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Figure 4.26: O 1s_2 peak shifts between the annealed nominally undoped TiO 2 film,
the as-grown Ti1-xO2:Vx (19:1) film and the annealed Ti1-xO2:Vx (19:1) film.
Furthermore, tables 4.16 and 4.17 show adventitious surface carbon (3.9 %) and
nitrogen (0.5 %) contamination, on both the as-grown and annealed Ti1-xO2:Vx
(19:1) films. Figure 4.27 also suggests a 0.3 eV C 1s_3 peak shift equatable to
variation in surface carbon chemical environments.

Figures 4.27: C 1s_3 peak shifts between the annealed nominally undoped TiO2 film
and the annealed Ti1-xO2:Vx (19:1) film.
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Annealing of the Ti1-xO2:Mx (19:1) films typically induces minimal anatase
crystallinity with most Ti 2p and O 1s peak shifts between the as-grown and
annealed Ti1-xO2:Mx (99:1 and 19:1) films, occurring within error (≤0.02 eV).
However, a Ti3+ 2p(1/2) peak shift of 0.4 eV is observed between the as-grown and
annealed Ti1-xO2:Snx (19:1) film, indicating Ti-O environmental variation.
In summary, XPS analysis suggested dopant incorporation variability with lower
than expected concentrations of hafnium in Ti1-xO2:Hfx (19:1) films (1.6-0.4 %),
vanadium in Ti1-xO2:Vx (19:1) films (1 %). Unexpectedly, no silver concentration was
detected in Ti1-xO2:Agx (19:1) films. Additionally, Ti3+ were shown to exist
throughout all Ti1-xO2:Mx (19:1) films, resulting in 8-16 % surface Ti3+ and greater
18-52 % Ti3+ bulk concentrations for the Ti1-xO2:Hfx, Ti1-xO2:Snx and Ti1-xO2:Agx (19:1)
films. Both adventitious surface carbon and nitrogen were observed across all Ti1xO2:Mx

(19:1) films. Only Ti1-xO2:Vx (19:1) films showed other significant

contamination regarding aluminium particulates possibly resulting from ALD
synthesis chamber conditions. Furthermore, doping was shown to induce
significant (>0.2 eV) variation in titanium, oxygen and carbon environments as
compared to the nominally undoped TiO2 film. The effect of doping on
photocatalysis of Ti1-xO2:Mx films is discussed in the section below.
4.3.1 Optical and Photocatalytic activity
The photocatalytic activity of the doped and un-doped samples prepared here was
examined utilizing the basic blue 66 ink degradation test under UV light, as outlined
in Chapter 2. Initial results obtained via the utilization of felt-tip applicators
suggested the nominally undoped TiO2, the Ti1-xO2:Agx (19:1), the Ti1-xO2:Snx (99:1
and 19:1) and the Ti1-xO2:Hfx (19:1 and 99:1) samples all photo-bleached basic blue
66 ink under 3 hours irradiation. Additionally, minimal degradation was also
observed on the Ti1-xO2:Alx (99:1) film (figure 4.28).
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Figure 4.28: Basic blue 66 ink degradation subsequent to three hours UV irradiation
on; a) nominally undoped TiO2, b) Ti1-xO2:Agx (99:1), c) Ti1-xO2:Agx (19:1), d) Ti1xO2:Alx

(99:1), e) Ti1-xO2:Alx (19:1), f) Ti1-xO2:Hfx (99:1), g) Ti1-xO2:Hfx (19:1), h) Ti1-

xO2:Snx

(99:1), i) Ti1-xO2:Snx (19:1), j) Ti1-xO2:Vx (99:1), k) Ti1-xO2:Vx (19:1) and l) a
blank quartz substrate.

Further analysis of photocatalytically active samples utilizing a 3mm K-Bar for basic
blue 66 ink application and increased chronological measurement accuracy was
performed (scanning every two (TiO2, Ti1-xO2:Agx (19:1) and Ti1-xO2:Snx (19:1)) and
ten (Ti1-xO2:Hfx (19:1 and 99:1) and Ti1-xO2:Snx (99:1)) minutes), to obtain
increasingly accurate ttb values (table 4.18).
TiO2 films

ttb (minutes. seconds)

TiO2

11.04

Ti1-xO2:Agx (19:1)

6.04

Ti1-xO2:Snx (19:1)

6.42

Ti1-xO2:Snx (99:1)

42.27

Ti1-xO2:Hfx (19:1)

44.46

Ti1-xO2:Hfx (99:1)

57.07

Table 4.18: ttb values calculated for photocatalytically active nominally undoped
and doped TiO2 films.
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From table 4.18, it is apparent the Ti1-xO2:Agx and Ti1-xO2:Snx (19:1) films are most
photoactive towards basic blue 66 ink bleaching of all the samples prepared. This is
true even of the undoped sample, which possesses a ttb approaching two times of
both the Ti1-xO2:Agx and Ti1-xO2:Snx (19:1) films. It is possible to speculate as to why
the Ti1-xO2:Agx (19:1) and Ti1-xO2:Snx (19:1) samples exhibit the highest levels of
photocatalytic activity on basic blue 66 ink degradation. Firstly the XPS data
indicates significant Ti3+ concentration possessed for both films (table 4.2).
Additionally, through Raman analysis, some evidence of anatase crystallite
formation occurs for the Ti1-xO2:Snx (19:1) film, with TEM providing minimal
evidence of anatase crystallinity in the Ti1-xO2:Agx (19:1) film.
Whilst this reasoning is also true to a degree for the photocatalytically inactive Ti 1xO2:Vx

and Ti1-xO2:Alx films with respect to basic blue 66 ink degradation. Both the

Ti1-xO2:Vx and Ti1-xO2:Alx films indicate considerably lower levels of Ti3+ in bulk
regions (from depth profiling results) and also show some evidence of dopant oxide
formation (from Raman spectroscopy). Furthermore, dopant oxide formation may
assist in the chemical relaxation method (recombination), prior to exciton charge
pair combination with surface oxygen-based groups to generate ROS species [171,
584].
In contrast to the Ti1-xO2:Agx (19:1) and Ti1-xO2:Snx (19:1) films, the other doped TiO2
films synthesized all show higher ttb values as compared to the nominally undoped
TiO2 film. Considering both the Ti1-xO2:Hfx (19:1) and Ti1-xO2:Snx (99:1) films, Raman
and XRD indicate that these samples are amorphous, showing very little evidence
of any crystallisation. However, if this was the only explanation, lower levels of
photocatalytic activity would correlate with the lack of anatase in undoped and
doped TiO2 films. Nevertheless, the ttb is longer for the Ti1-xO2:Hfx (99:1) film
containing a lower hafnium concentration, suggesting crystallisation could be
inhibited by the strain imparted on Hf4+ addition to the TiO2 film. The above
observations further imply that percentage or sub-percentage levels of dopants
within 10 nm from film surfaces, have a marked effect on the detected surface
chemical properties.
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In order to further assess the photocatalytic activity of grown samples, water
contact angle measurements were performed as described in Chapter 2 (Figure
4.29). From figure 4.29, both Ti1-xO2:Snx and Ti1-xO2:Agx (19:1) films showed a
transition towards superhydrophilicity (<15 o) after 30 and 60 minutes UV exposure
respectively. This might be expected resulting from the basic blue 66 ink bleaching
experiments described in the previous experiments.
Other samples, namely the nominally undoped TiO2, Ti1-xO2:Alx (99:1) and Ti1xO2:Snx

(99:1), all indicated some discernible reduction in contact angle to average

around 40 o after 60 minutes of exposure to the UV light source (figure 4.29).

Figure 4.29: Water contact angle analysis prior to, subsequent to 30 and 60minutes
UV irradiation and after a week of darkness for the nominally undoped TiO 2 film,
the Ti1-xO2:Al (99:1 and 19:1) films, the Ti1-xO2:Agx (99:1 and 19:1) films, the Ti1xO2:Hfx

(99:1 and 19:1) films, the Ti1-xO2:Snx (99:1 and 19:1) films and the Ti1-xO2:Vx
(99:1 and 19:1) films.

Correlating these results with the ink photodegradation results presented in the
previous section. It is noted the Ti1-xO2:Vx (99:1 and 19:1), Ti1-xO2:Alx (19:1) and Ti1-
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xO2:Agx

(99:1) samples, all appear to exhibit increasing hydrophobicity upon UV

irradiation, suggesting a progressively diminished capacity for ROS generation.
Unexpectedly, Ti1-xO2:Hfx (99:1) and (19:1) indicate no variation in contact angle
upon UV irradiation despite showing evidence of ink photodegradation, as
discussed earlier. Additionally figure 4.30, reveals all TiO2 films undergo some
degree of hydrophobic “recovery” with surface site deactivation resulting from
being left in darkness, further indicative of a repeatable reaction.
While a majority of the contact angle results agree qualitatively with those
presented for the ink degradation experiments. The contradicting results serve to
illustrate the requirement to perform disparate examinations into order to properly
ascertain the material response towards UV light. In other words, the results
illustrate simply becoming hydrophilic is not necessarily a true indication of the
surface ability to perform the photocatalytic ink reduction and vice versa.
Further water contact angle experimentation were performed on films previously
expressing either photocatalytic basic blue 66 ink degradation in figure 4.30 or
slight hydrophilic increase in figure 4.30. However, UV light irradiation was
extended to two hours to provide greater time for potential hydrophilic
development.
Figure 4.30 reveals after two hours UV light irradiation, the nominally undoped TiO2
sample generates near superhydrophilic contact angles (18.4 o), indicating the
presence of surface ROS. The Ti1-xO2:Snx (99:1) sample indicates very little variation
over the two hour period while the Ti1-xO2:Alx (99:1) sample and the Ti1-xO2:Hfx
(99:1) sample both appear to show an increase in hydrophobicity, if anything.
Whilst this is unusual and is perhaps unexpected, increasing hydrophobicity for the
Ti1-xO2:Alx (99:1) and Ti1-xO2:Hfx (99:1) films is consistent with the results shown in
figure 4.29 above. Another feature of note from figure 4.30, is after two hours UV
irradiation the Ti1-xO2:Hfx (19:1) sample shows a significant reduction in contact
angle to an average of 37.4 o. This reduction was not previously noted in
measurements only using one hour of UV light exposure (figure 4.29).
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Figure 4.30: water contact angles of the nominally undoped TiO2 film, the Ti1-xO2:Alx
(99:1) film, the Ti1-xO2:Hfx (99:1 and 19:1) films and the Ti1-xO2:Snx (99:1) film under
two hours UV irradiation.
The explanation for this discrepancy is unclear, but concerning possible
mechanisms underpinning these observations, it is noted that doubling the total
time for UV light surface exposure may have both thermal and chemical
consequences to consider. Regarding thermal consequences, the light source
utilized results in some discernible heating of the samples. Additionally, UV light
can cause surface bond disintegration and contamination destruction without the
need to invoke the special photocatalytic process in question.
UV/Visible light transmission experiments were performed on all samples grown
(figure 4.31). Furthermore from figure 4.31, it is apparent regarding transmission
and absorption characteristics, that all samples are very similar, as might be
expected.
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Figure 4.31: Spectrophotometry across near UV/visible light range (200-800nm)
The data shown in figure 4.31 was combined with reflectivity measurements (not
shown) to provide Tauc plots (figure 4.32) which were utilized to estimate band
gap, table 4.19.

Figure 4.32: An example of calculated Tauc plots for the annealed nominally
undoped TiO2 and annealed Ti1-xO2:Alx (19:1).
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TiO2
Ti1-xO2:Agx (19:1)
Ti1-xO2:Agx (99:1)
Ti1-xO2:Alx (19:1)
Ti1-xO2:Alx (99:1)
Ti1-xO2:Hfx (19:1)
Ti1-xO2:Hfx (99:1)
Ti1-xO2:Snx (19:1)
Ti1-xO2:Snx (99:1)
Ti1-xO2:Vx (19:1)
Ti1-xO2:Vx (99:1)

As-grown (eV)

Annealed (eV)

2.80

2.83

2.96

3.05

2.77

2.87

2.74

3.08

2.82

2.75

2.61

2.86

2.68

2.91

2.80

3.01

2.84

2.92

2.88

2.70

2.85

2.87

Table 4.19: Tauc-plot calculated direct band gap sizes for the as-grown and
annealed nominally undoped and doped TiO2 films
From table 4.19, the nominally undoped TiO2 film grown here shows a reduction in
band gap, as compared to the equivalent literature band gap size [440, 572, 585].
This reduction in band gap possibly relates to the greater Ti3+ concentrations
possessed by the undoped TiO2 film. As is also apparent from table 4.19, the doped
samples possess variable band gaps which do not correlate in terms of either an
increase or decrease on annealing. However, all doped TiO2 films attain band gap
sizes beneath the expected from the equivalent mix of amorphous and anatase
crystalline morphologies already observed. This is suggestive of mid TiO2 band gap
state generation either directly from dopant addition or indirectly though Ti 3+/VO..
formation as a part of charge compensating effects [44, 150].
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From both the Raman and XPS data corresponding to the Ti 1-xO2:Alx (99:1 and 19:1)
and Ti1-xO2:Vx (19:1) films, it can be suggested that compared to the other materials
studied, these samples may contain appreciable amounts of Al 2O3 and VO2.
Therefore under such conditions dependent on band alignment, it might be
expected that some increase in band gap due to Burstein-Moss effects may arise.
However, table 4.19 reveals that apart from the Ti1-xO2:Alx (19:1) film, the band gap
shows no appreciable increase for any other Ti1-xO2:Alx and Ti1-xO2:Vx samples.
Additionally, the band gap increase observed for the Ti1-xO2:Alx (19:1) film on
annealing (2.74-3.08 eV) could also correlate to Ti3+ surface concentration decrease
from 20 to 12 % [150].
Furthermore, the band gaps for both the Ti1-xO2:Agx (99:1 and 19:1) and the Ti1xO2:Snx

(99:1 and 19:1) film increase on annealing. Band gap increase for the Ti 1-

xO2:Snx

films could result from greater excited electron concentrations or

conduction band energetic increase on TiO2 and SnO2 mixing [198, 201]. However,
band gap increase for the Ti1-xO2:Agx (19:1) film could potentially result from the
high silicon concentration detected in XPS, further providing Burstein-Moss effects
through Si 2p electron addition to the TiO2 conduction band.
4.3.2 Electrical conduction
Electrical properties of the deposited TiO2 were studied through four point probe
measurements. As for the other films presented in this research, all films were
essentially resistive.
4.4 Discussion
The nominally undoped TiO2 film presents a largely amorphous film with the
presence of anatase crystallites with an average thickness of 18.6 nm. The
nominally undoped TiO2 film also shows photocatalytic activity with a ttb of 11
minutes 4 seconds ±35 seconds with respect to basic blue 66 ink photodegradation
under UV irradiation and near-superhydrophilic (18 o) water contact angles after 90
minutes UV light exposure.
The photocatalytic activity observed for the nominally undoped TiO 2 would result
from the polycrystalline anatase structure, providing superior exciton charge pair
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mobility (reducing radiative recombination) and increased surface hydroxyl density
[91-93]. The surface Ti3+ concentration of 19 % would also assist with increasing
photocatalytic activity by providing a photogenerated hole trap. This hole trap
increases excited electron lifetimes near surface oxide species and provides a
greater chance of surface ROS generation. High Ti3+ concentrations would also
insert mid-band gap states below the conduction band, corresponding to the
overall lower 2.80/2.83 eV band gap size observed here, in comparison to the 3-3.2
eV seen in the literature [1].
Interestingly the Ti1-xO2:Agx (19:1) film possesses significantly higher photocatalytic
activity as compared to the nominally undoped TiO2 film with respect to a basic
blue 66 ink ttb of 6 minutes and 4 seconds and superhydrophilic water contact
angles after 60 minutes UV light irradiation. This larger photocatalytic activity is
despite the Ti1-xO2:Agx film possessing lower polycrystalline anatase morphology, as
compared to the nominally undoped TiO2 film and is only detected through TEM
imaging. Therefore, the larger photocatalytic activity of the Ti1-xO2:Agx film
probably results from the extraordinary 52 % bulk Ti 3+ concentration observed
[574, 586], resulting in high surface ROS concentrations on UV irradiation.
Therefore, silver ion incorporation is unlikely to be the source of high
photocatalytic activity, with silver ions either present in concentrations below XPS
detection limits [447, 587] or not present at all. This very low silver ion
incorporation (if any), possibly results from low solid solubility of such a large Ag +
ion (129 pm) [61] on substitution into a Ti4+ site (74.5 pm) (AgTi’’’) according to
Hume-Rothery rules [144]. However, negligible amounts of silver incorporation
could have occurred with charge compensation from AgTi,,, formation. This results
in the production of three VO.. defects, creating an extremely oxygen deficient film
Ti2O3/TiO2 environment [118, 588], as observed here. The bulk oxygen deficient
Ti2O3/TiO2 film environment correlates with the XPS peak shifts observed for
titanium and oxygen bonding environments in the bulk Ti1-xO2:Agx (19:1) film.
Furthermore, another potential reason for negligible silver precursor addition could
be related to the lower thickness (14.5 nm) of the Ti 1-xO2:Agx film. Ag(THMD)
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addition is therefore suggested to suppresses TiO2 growth, instead of depositing
silver, possibly through ligand steric hindrance towards TDMAT surface attachment
[589].
The Ti1-xO2:Agx (99:1) film in comparison provides no measureable photocatalytic
activity relating to surface ROS production with respect to both basic blue 66 ink
photodegradation and hydrophilic increase under UV light irradiation. This lack of
photocatalytic activity is unusual given the 25.3

o

2ϑ reflection corresponding to

the (101) anatase miller plane
Despite the Ti1-xO2:Alx (99:1) film possessing a largely amorphous film with the
presence of anatase crystallites similar to, but less than compared to that observed
for the nominally undoped TiO2 film. No photocatalytic properties are observed for
either of the Ti1-xO2:Alx (99:1 and 19:1) films with respect to photocatalytic
degradation of basic blue 66 ink and hydrophobic contact angle retention under UV
light irradiation. This suggests a significant photocatalytic activity decrease on
aluminium doping, potentially resulting from uniformly distributed Al3+ dopant ions
acting as deep traps and increasing recombination prior to surface migration [45].
Additionally, both decreased Ti3+ concentrations (12 %), as compared to the
nominally undoped TiO2 film, and the amorphous nature of Ti0.82Al0.18O2 (19:1)
could also lower photocatalytic activity generation.
Furthermore, greater aluminium concentrations (5.3 %) possibly form Al 2O3, as
shown by a 645 cm-1 peak in Raman spectroscopy. This implies Al3+ concentrations
above solid solubility limits [559] with Al2O3 previously showing crystalline growth
restriction on annealing [164, 166]. Greater Al2O3 concentrations also increase
band gap size (3.08 eV) as compared to Ti1-xO2:Alx (99:1) through Burstein-Moss
effects [151], again decreasing potential photocatalytic activity.
Both the annealed Ti1-xO2:Hfx (99:1 and 19:1) films show disparate crystalline
morphologies correlating to differences in Hf4+ concentrations, possibly relating to
strain from larger Hf4+ (85 pm) substitution into a Ti4+ (74.5 pm) site (HfTi). As a
consequence, the Ti1-xO2:Hfx (99:1) film possesses poorly polycrystalline anatase
with a 25.3 o 2ϑ peak detected relating to an anatase (101) miller plane and the Ti1170

xO2:Hfx

(19:1) film is shown as amorphous. Despite the different structures

detected, both the Ti1-xO2:Hfx (99:1 and 19:1) films show photodegradation of basic
blue 66 ink under UV light irradiation. This shows a ttb of 44 minutes 46 seconds
for the Ti1-xO2:Hfx (19:1) film and 57 minutes 7 seconds for the Ti1-xO2:Hfx (99:1)
film. The lower photocatalytic activity, as compared to the nominally undoped TiO 2
film, could result from a combination of the 16 % surface and 18 % bulk Ti3+
increasing ROS generation, alongside 0.5 % Hf4+ acting as shallow electron traps
[155] to increase recombination rates. Additionally, lower Hf4+ concentrations (0.5
%) than expected (5 %) are observed within the Ti1-xO2:Hfx (19:1) film, possibly
suggesting solid solubility limits were reached.
Furthermore, both annealed Ti1-xO2:Hfx films (99:1 and 19:1) indicate band gap
increase: 2.86 and 2.91 eV, assumed to be a result of Burstein-moss effects [151]
on potential HfO2 band gap (5.3-5.7 eV) inclusion.
Interestingly, the Ti1-xO2:Snx (19:1) film possesses a similar poorly polycrystalline
anatase morphology (Raman peaks: 142 cm-1, 197 cm-1, 295 cm-1, 513 cm-1 and 636
cm-1) to the nominally undoped TiO2 film. However, the Ti1-xO2:Snx (19:1) film
shows a higher photocatalytic activity with respect to a greater basic blue 66 ink ttb
of 6 minutes 42 seconds and superhydrophilic water contact angles after 30
minutes of UV light irradiation. This larger photocatalytic activity could result from
both greater bulk Ti3+ concentrations (31 %) providing an electron sink alongside
Sn4+ to trap photogenerated holes, so as to provide greater ROS formation from
extending excited electron lifetimes [199, 200]. Additionally, greater photocatalytic
properties for the Ti0.9Sn0.1O2 (19:1) film could also originate from SnO2 possessing
a slightly lower energy conduction band [200]. This could lead to excited electron
trapping on transfer from the TiO2 conduction band, again extending charge carrier
lifetimes and producing increased surface ROS concentrations [197]. Furthermore,
SnO2 conduction band excited electrons have been shown to capture O 2 molecules,
increasing superoxide radical generation [152, 590].
In comparison, the Ti1-xO2:Snx (99:1) film possesses a more amorphous nature,
resulting in a lower photocatalytic activity with respect to basic blue 66 ink
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degradation under UV light irradiation and a ttb of 42 minutes and 27 seconds. The
lower polycrystalline morphology possessed by the Ti1-xO2:Snx (99:1) film possibly
originates from lower Sn4+ concentrations which have been shown to prevent
anatase crystallization [198], decreasing photocatalytic activity.
Furthermore, both Ti1-xO2:Snx films suggest an increase in band gap (2.92 eV (99:1)
and 3.01 eV (19:1)), as compared to nominally undoped TiO2 (2.83 eV), possibly
resulting from SnO2 and TiO2 valence band state mixing [198, 201].
Despite the Ti1-xO2:Vx (99:1 and 19:1) films possessing a largely amorphous film
with the presence of anatase crystallites, similar to undoped TiO2, no
photocatalytic properties are observed for either film with respect to basic blue 66
ink degradation and hydrophobicity retention under UV light irradiation.
Destruction of photocatalytic capabilities could potentially result from vanadium
doping. Low percentages of V4+ are observed (1 %) with V4+ presence also providing
a minimal band gap decrease for the Ti0.96V0.04O2 (19:1) film, suggestive of V4+ and
Ti4+ 3d orbital overlap [205]. Additionally, the Ti0.96V0.04O2 film contains the lowest
Ti3+ concentrations (8 %) of all doped TiO2 films, potentially suggesting decreased
free electron concentrations available for surface ROS generation. Moreover,
significant aluminium particulate contamination (5.2 %) exists, further reducing
potential photocatalytic properties, with Al3+ acting as a charge carrier trap [45],
increasing recombination rates prior to surface migration. Furthermore, Raman
spectroscopy shows two peaks (257 and 332 cm-1) corresponding to either Al2O3
from aluminium particulate presence, or VO2 creation from dopant diffusion and
agglomeration [418]. However, providing conclusions for variation in TiO2 film
photocatalytic properties on vanadium doping is merely speculative given the high
aluminium particulate contamination present.
4.5 Conclusions
In conclusion, as-grown and annealed nominally undoped TiO2 films and a range of
as-grown and annealed Ti1-xO2:Mx (99:1 and 19:1) films where M = Al, Hf, Sn and V,
were successfully grown onto quartz substrates by thermal ALD. Additionally, asgrown and annealed Ti1-xO2:Agx (99:1 and 19:1) film growth was attempted onto
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quartz substrates by thermal ALD, however, lack of silver doping was observed. The
influence of disparate dopants and dopant concentrations on the variation of the
photocatalytic, structural, optical and electrical characteristics on TiO 2 films was
investigated.
Photocatalytic activity with respect to basic blue 66 ink photodegradation was
observed for the annealed Ti1-xO2:Agx (19:1), Ti1-xO2:Hfx (99:1 and 19:1) and Ti1xO2:Snx

(99:1 and 19:1) films. Interestingly, both the annealed Ti1-xO2:Agx (19:1) and

Ti1-xO2:Snx (19:1) films showed faster ttb values of; 6 minutes 4 seconds and 6
minutes 42 seconds respectively, as compared to a ttb value of 11 minutes 4
seconds ±35 seconds for the nominally undoped TiO2 film. Furthermore, water
contact angle analysis also showed superhydrophilicity for the Ti1-xO2:Agx (19:1) film
and the Ti1-xO2:Snx (19:1) film after 30 minutes to an hour of UV irradiation.
However, superhydrophilicity was detected for the nominally undoped TiO2 film
after 90 minutes of UV irradiation. The increased photocatalytic activity for both
the annealed Ti1-xO2:Agx (19:1) and Ti1-xO2:Snx (19:1) films, as compared to the
nominally undoped TiO2 film, potentially results from large bulk Ti3+ concentrations
(52 and 31 %) providing excess electrons for surface ROS creation. Additionally,
Sn4+ could also provide an excited electron sink to increase surface ROS
concentrations. Overall, the Ti1-xO2:Snx (19:1) film suggests optimal dopant
concentration for both photocatalytic activity, whilst providing reasonable
crystallinity formation.
The lower photocatalytic activities observed for the Ti1-xO2:Hfx (99:1 and 19:1) and
Ti1-xO2:Snx (99:1) films as compared to the nominally undoped TiO2, have been
correlated to lower bulk Ti3+ concentrations and Hf4+ centres acting as an electron
traps. However, structurally both the Ti1-xO2:Hfx (99:1 and 19:1) films show minimal
anatase crystallite formation, as compared to the more photocatalytically active Ti1xO2:Agx

(19:1) and Ti1-xO2:Snx (19:1) films. This relates to strain on incorporation of

Hf4+ and Sn4+ centres, confirming photocatalytic activity is initially based on film
morphology, but dopant solid solubility can provide significant variation.
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Furthermore, it was found that all the annealed Ti1-xO2:Alx (99:1 and 19:1) and Ti1xO2:Vx

(19:1) films that contain aluminium show no photocatalytic activity, possibly

resulting from Al3+ acting as deep charge carrier traps to increase recombination.
However, photocatalytic quantification for Ti1-xO2:Vx (19:1) was difficult with such a
large aluminium (5 %) particulate concentration, requiring repeat Ti 1-xO2:Vx (19:1)
synthesis.
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Chapter 5: Further analysis of Ti1-xO2:Snx (19:1) with respect to
cleaning agent and microbial exposure.
5.1 Introduction
As discussed extensively elsewhere in this thesis for TiO2 the photocatalytic
degradation of surface pollutants is well-documented [18, 591-593]. Furthermore,
incorporation of dopants into TiO2 has been shown to provide increased activation
under ultraviolet (UV) light irradiation [199] or even visible light activation [19, 23].
Typically, TiO2 surface irradiation results in exciton generation [92] with
subsequent surface diffusion and surface site trapping, providing excited charge
carriers for reaction with adsorbed water or oxygen molecules to generate reactive
oxide species (O2.- or OH.) [32, 33].
At optimal concentrations, certain types of extrinsic doping are known to improve
both exciton generation [23] and surface site trapping, increasing photocatalytic
activity. However, as discussed in previous chapters, substitutional metal doping
introduces strain which may generate lattice deformation and distortion [146],
reducing photocatalytic activity through hindering anatase phase generation.
As previously shown in Chapter 4, tin doping in the Ti 1-xO2:Snx (19:1) film was
suggested to induce strain and reduce the level of anatase formation as compared
to a nominally undoped TiO2 film. However, the Ti1-xO2:Snx (19:1) film also indicated
a shorter ttb value with basic blue 66 ink degradation. Correspondingly, the
literature suggests this increased level of photocatalytic activity may be further
linked to greater surface defect concentrations [145, 197].
In particular, tin doping is believed to provide excited electron charge transfers
between TiO2 and slightly lower energy SnO2 conduction bands (0.07 and -0.34 eV
respectively, versus a normal hydrogen electrode) [200], increasing exciton
lifetimes, trapping and decreasing effective band gap size [197]. Tin doping can also
results in;


Strong Sn(2/4+) 5s hybridization with O 2p and Sn(2/4+) 5s/5p lone states near
the valence bands, reducing effective band gap size [198, 201].
175



Enhanced capture of oxygen molecules by SnO2 conduction band electrons
to generate superoxide radicals [197].

The above described factors contribute to the apparent enhanced photocatalytic
activity of the Ti1-xO2:Snx (19:1) film as compared to the nominally undoped TiO2
film. However, for antimicrobial applications where surfaces of this type would be
deployed in a hospital or similar medical environment, effective TiO2 photocatalytic
activity is necessary in indoor environments, away from any UV light sources.
Furthermore, effective TiO2 photocatalytic activity must persist after the surface
has been exposed to regular cleaning with a variety of cleaning agents.
Consequently, this chapter examines the photocatalytic performance of the Ti 1xO2:Snx

(19:1) film in relation to being treated with various cleaning agents,

previously studied in chapter 3. In particular, Ti1-xO2:Snx (19:1) suggested greatest
reliable levels of photocatalytic activity out of the films previously grown in chapter
4 and therefore was selected for comparison against a standard of Pilkington
ActivTM.
5.2 Methodology
Ti1-xO2:Snx (19:1) films are synthesized through ALD and annealed as outlined in
Chapter 4. The Ti1-xO2:Snx (19:1) films were analysed utilizing previously described
methodology within Chapters 2 and 3. However, specific technique variation or
films analysed to this chapter are listed here:


Water contact angles were generated across three Ti1-xO2:Snx (19:1) films at
3.32 mW/cm2 UV light irradiation, with average water contact angles
provided by these three values.



Photocatalytic activity was initially measured through felt tip basic blue 66
ink application and subsequent degradation under 3.37 mW/cm2 UV light
irradiation for an indication of photocatalytic activity. Nine Ti 1-xO2:Snx (19:1)
film surfaces were covered in basic blue 66 ink test by a 3 mm K-bar
application under 3.30 mW/cm2 UV light irradiation for 20 minutes, with an
image being created every minute. Further experimentation was
subsequently performed on nine Ti1-xO2:Snx (19:1) film surfaces undergoing
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3 mm K-bar resazurin ink application under 3.25-3.41 mW/cm2 UV light
irradiation for 50 minutes (with or without either Actichlor PlusTM or
Virusolve+TM cleaning agent exposure). Again, images were initially
generated every minute, but latterly the interval between image collection
was extended to every 2-3 minutes.


X-ray photospectroscopy was performed without initial surface sputtering
on the Ti1-xO2:Snx (19:1) films exposed either to Virusolve+TM or Actichlor
PlusTM.
5.2.1 Microbiological exposure

Initial E.coli culture synthesis and the subsequent colony counting and dead or alive
experimentation methods used were identical to those previously described in
chapter 2. Following the initial experimentation, there was some variation in
methodology used with the following approaches utilized:


Initial exposures; 100 µl of re-suspended E.coli culture underwent addition
to plain quartz, Pilkington Activ™ and Ti1-xO2:Snx (19:1) on quartz (all 1 cm2)
sample surfaces in petri dishes (4 identical samples per petri dish). Half of
the samples were exposed to 3.30m W/cm2 UV light irradiation and half to
darkness (except during measurement). Exposures were at room
temperature until significant dryness (50 minutes) was noted, with cultures
being removed after 0, 10, 20, 30, 40 and 50 minutes UV light irradiation.



Further exposures: Quartz, Pilkington Activ™ and Ti1-xO2:Snx (19:1) on quartz
(all 2.5 cm2) samples were suspended over petri dishes (4 identical samples
per petri dish) filled with distilled water. 400 µl of re-suspended E.coli
culture was added and the samples were exposed to 3.30 mW/cm2 UV light
intensity for six hours at room temperature. Cultures were removed before
(t=0) and after (t=6) periods of UV light irradiation. Drying was also
prevented by the hourly addition of fresh phosphate buffered saline (PBS)
solution.
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5.3 Results and Discussion
Water contact angle measurements were initially performed on three untreated
Ti1-xO2:Snx (19:1) films after 0, 30 and 60 minutes UV irradiation and after a week in
darkness (10800 minutes) (figure 5.1). From figure 5.1, it may be seen that water
contact angles for untreated samples are shown to generate a hydrophilic response
to UV light irradiation, reaching near superhydrophilicity (18 o). Thereby the
hydrophilic response indicates ROS presence and greater water run-off [451],
subsequent to one hour of UV light irradiation. Hydrophobic recovery after a week
in darkness is also detected with all results correlating well with the Ti 1-xO2:Snx
(19:1) contact angle measurements depicted in chapter 4.

Figure 5.1: Water contact angles of unexposed, Virusolve+TM exposed and Actichlor
PlusTM exposed Ti1-xO2:Snx (19:1).
Correspondingly, the Ti1-xO2:Snx (19:1) sample exposed to Virusolve+TM also shows a
hydrophilic trend, with average contact angles decreasing from 59 o to 31 o on 60
minutes UV irradiation. The higher initial contact angle noted for this sample
suggests

Virusolve+TM

exposure

increases

the

initial

Ti1-xO2:Snx

(19:1)

hydrophobicity, but the sample still facilitates ROS generation during UV light
irradiation. In contrast, the Ti1-xO2:Snx (19:1) sample exposed to Actichlor PlusTM
shows no initial variation in contact angle between 0 and 30 minutes, as compared
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to the untreated sample. However, the Actichlor PlusTM exposed Ti1-xO2:Snx (19:1)
sample exhibits a modest increase in hydrophobicity (39 o to 55 o) upon additional
UV light irradiation. This is suggestive of a subtle variation in surface chemistry,
providing a reduction in ROS formation.
Additionally, the sample exposed to Virusolve+TM in figure 6.1, exhibits hydrophobic
state recovery, subsequent to a week in darkness (10800 minutes). In contrast, the
Ti1-xO2:Snx (19:1) sample exposed to Actichlor PlusTM shows no appreciable
variation. This implies treatment with this particular cleaning agent results in a
permanent

inhibition

of

photoactivity,

possibly

resulting

from

surface

contamination.
The initial basic blue 66 ink test was applied to a larger sample set compared to
that utilized in Chapter 4, decreasing associated error. It was found that the
average ttb for the Ti1-xO2:Snx (19:1) films was ca. 5 minutes and 12 seconds ± 1
minute 13 seconds error.
In contrast, the undoped TiO2 sample exhibited a ttb of 11 minutes and 4 seconds ±
35 seconds error. Thus this experiment confirms the result present in Chapter 4,
which indicated enhanced photocatalytic activity of the Ti1-xO2:Snx (19:1) film, as
compared to the nominally undoped TiO2 sample grown under (nearly) identical
conditions, table 5.1.
TiO2:Sn (19:1) ttb

Pilkington ActivTM ttb

(minutes:seconds)

(minutes:seconds)

Basic blue 66 ink

5:12 ±1:13

2:07 ±0:19

Resazurin ink

31:12 ±4:21

3:22 ±0:16

Table 5.1: ttb variation of basic blue 66 and resazurin inks between photo-activated
Ti1-xO2:Snx (19:1) and Pilkington ActivTM.
The photocatalytic resazurin ink degradation test was subsequently applied to the
Ti1-xO2:Snx film (19:1), figure 5.2.
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Figure 5.2: Resazurin ink degradation (before and after UV light irradiation) on Ti 1xO2:Snx

(19:1).

From figure 5.2, the Ti1-xO2:Snx (19:1) film also showed photocatalytic activity
according to resazurin ink degradation, as expected from the results presented in
chapter 4. The Ti1-xO2:Snx (19:1) film changed the resazurin ink colour from blue
(resazurin) to pink (resourfin) in approximately 30 minutes. These results illustrate
that although not as photocatalytically active as the Pilkington ActivTM standard,
the Ti1-xO2:Snx (19:1) film still nevertheless was demonstrably photoactive
according to the two ink degradation tests employed.
Interestingly, resazurin ink takes “longer” to be reduced than basic blue 66 ink on
Pilkington ActivTM, indicating that particular ink degradations must only be
compared with the same ink reaction on other substrates [478, 594]. In other
words, providing direct comparisons between disparate ink degradation tests is
fraught with difficulty [478]. This was readily illustrated by considering for basic
blue 66 ink, both the Ti1-xO2:Snx (19:1) and Pilkington ActivTM films studied here give
roughly comparable ttb values of approximately 5 minutes and 2 minutes
respectively. In contrast, the corresponding ttb values for the resazurin ink
degradation are approximately 31 minutes and 3 minutes respectively. Therefore,
the Ti1-xO2:Snx (19:1) film require some 10 times the exposure as compared to the
Pilkington ActivTM sample [595]. Furthermore, since resazurin ink degradation
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indicated the greatest differential between samples, this test was subsequently
utilized.
In order to examine the effects of repeated exposure to the hospital cleaning
agents on the Ti1-xO2:Snx (19:1) films. Ti1-xO2:Snx (19:1) films were subjected to the
resazurin ink degradation test after exposure to either Virusolve +TM or Actichlor
PlusTM, with a control Ti1-xO2:Snx (19:1) film set left untreated prior to resazurin ink
application. Cleaning agent treatment (or not in the case of the control) and
subsequent resazurin ink degradation was also performed three times in
succession, figure 5.3.

Figure 5.3: ttb results generated from triplicate resazurin ink degradation on Ti1xO2:Snx

(19:1) films with prior exposure each time to either Virusolve+TM or Actichlor
PlusTM, or left untreated.

From figure 5.3, the Virusolve+TM or Actichlor PlusTM treated Ti1-xO2:Snx (19:1) films
clearly indicate a consistently longer ttb after multiple exposures, as compared to
the untreated Ti1-xO2:Snx (19:1) film. This suggests cleaning agent exposure
decreases the photocatalytic degradation of resazurin ink, as previously observed
in chapter 3. Furthermore, figure 5.3 shows that within the limits of experimental
error, repeated exposures to either Virusolve+TM or Actichlor PlusTM has no
181

appreciable influence on the resazurin ttb values recorded. The error bars here
were measured from each real experimental variation indicating potential
discrepancies of 5 minutes or more. Therefore subtle disparities arising from real
chemical alterations may not be easily detected utilizing this type of methodology.
XPS was performed on the Ti1-xO2:Snx (19:1) films prior and subsequent to either
Virusolve+TM or Actichlor PlusTM exposure (tables 5.2 and 5.3). This was to
determine if a chemically altered surface or possible surface contamination
resulted, that could sequentially influence the photocatalytic activity.
Actichlor PlusTM

Actichlor PlusTM

Virusolve+TM

Virusolve+TM

exposed Ti1-

exposed Ti1-

exposed Ti1-

exposed Ti1-

xO2:Snx

(19:1)

xO2:Snx

(19:1)

xO2:Snx

(19:1)

xO2:Snx

(19:1)

Peak

Position (eV)

Concentration (%)

Position (eV)

Concentration (%)

O 1s

529.2

52.5

529.3

47.8

Ti 2p

458.2

19.5

457.3

17.8

Sn 3d

485.2

2.9

485.3

2.9

C 1s

284.2

21.3

284.3

28.7

N 1s

400.3

1.3

399.3

1.7

Si 2p

102.2

0.8

100.3

1.1

Cl 2p

200.2

0.4

-

-

P 2p

190.2

1.3

-

-

Table 5.2: Low resolution XPS results for the Actichlor PlusTM exposed Ti1-xO2:Snx
(19:1) film and the Virusolve+TM exposed Ti1-xO2:Snx (19:1) film.
From table 5.2, both Ti1-xO2:Snx (19:1) films suggest a material very close to
stoichiometric TiO2. A majority 1:2 Ti:O ratio provided approximately 53.2 % (17.8
% titanium and 35.4 % oxygen) for Virusolve+TM exposed Ti1-xO2:Snx and 59.4 %
(19.5 % titanium and 38.9 % oxygen) for Actichlor PlusTM exposed Ti1-xO2:Snx of
surface detected elements as TiO2. Furthermore, dissimilar to the data presented in
Chapter 4, no evidence of any Ti3+ species is detected. This observation may
actually be due to previous Ti3+ detection resulted in samples subsequent to XPS
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sputter cleaning. Since the experiments described in this chapter, did not involve
surface sputter cleaning prior to XPS analysis, detected signals could arise solely
from fully oxidized surface species [150].
Additionally, lower tin concentrations than expected (2.9 %) are incorporated.
These lower concentrations potentially result from decreased titanium and tin
precursor growths on disparate equivalent oxides [164, 166], and further correlate
with the Ti1-xO2:Snx (19:1) film synthesis in chapter 4.
Table 5.2 also indicates both the non-sputtered Ti1-xO2:Snx (19:1) films exposed to
Virusolve+TM and Actichlor PlusTM show clear evidence of expected adventitious
surface carbon and nitrogen. Despite this, obvious disparities in carbon
concentration exist between the Ti1-xO2:Snx (19:1) films exposed to either
Virusolve+TM or Actichlor PlusTM, possibly related to different cleaning agent
exposures. Minimal silicon concentrations are also indicated, potentially originating
from sample cleaving.
No other impurities are detected for the Ti1-xO2:Snx (19:1) film exposed to
Virusolve+TM. However, as in chapter 3, small concentrations of both chlorine (0.4
%) and phosphorus (1.3 %) are present on the Ti1-xO2:Snx (19:1) film exposed to
Actichlor PlusTM.
From Table 5.3, high resolution XPS indicates significant oxygen, titanium, carbon
and tin XPS peak shifts for the Ti1-xO2:Snx films exposed to either Virusolve+TM or
Actichlor PlusTM, as compared to an untreated Ti1-xO2:Snx (19:1) sample. These peak
shifts are highlighted throughout figures 5.4-5.7. However, peak shifts could also
result from differences in surface environments corresponding to variation in
surface preparation. This surface preparation includes sputtering to remove
adventitious carbon for the untreated Ti1-xO2:Snx (19:1) film and no sputtering for
the Virusolve+TM and Actichlor PlusTM exposed Ti-xO2:Snx (19:1) films.
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Actichlor

Actichlor

Virusolve+TM

Virusolve+TM

PlusTM

PlusTM

exposed Ti1-

exposed Ti1-

exposed Ti1-

exposed Ti1-

xO2:Snx

xO2:Snx

Peak

(19:1)

Position (eV)

O 1s_1 (metal

529.7

oxide)

(530.3)

O 1s_2

531.0 (531.8)

xO2:Snx

(19:1)

(19:1)
Position

Concentration

(%)

(eV)

(%)

43.2

529.2

40.7

(530.3)
14.3

530.6

12.1

(531.8)
458.5 (458.9)

13.6

2p3/2)
Ti 2p (Ti4+ 2p1/2)

(19:1)

Concentration

(organics, OH)
Ti 2p_1 (Ti4+

xO2:Snx

458.0

12.5

(458.9)
464.2 (464.6)

6.8

463.7

6.2

(464.6)
C 1s_1 (C=C/C-C)

284.8

13.1

284.8

18.8

C 1s_2 (C-O)

286.1 (286.5)

4.1

286.0

4.8

(286.5)
C 1s_3 (O-C=O)

287.9

1.1

(289.2)

287.7

1.6

(289.2)

C 1s_4 (CO3)

288.9

0.5

-

-

Sn 3d

486.2

3.4

485.7

3.4

(486.7)

(486.7)

Table 5.3: High resolution XPS results for both the Actichlor PlusTM exposed Ti1xO2:Snx

(19:1) and the Virusolve+TM Ti1-xO2:Snx (19:1) films with significant peak

shifts from the unexposed Ti1-xO2:Snx (19:1) film highlighted in brackets.
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Figure 5.4: Ti4+ 2p3/2 and 1/2 peak shifts for the unexposed Ti1-xO2:Snx (19:1) film, the
Ti1-xO2:Snx (19:1) film exposed to Actichlor PlusTM and the Ti1-xO2:Snx (19:1) film
exposed to Virusolve+TM.

Figure 5.5: O 1s_1 and 1s_2 peak shifts for the unexposed Ti1-xO2:Snx (19:1) film, the
Ti1-xO2:Snx (19:1) film exposed to Virusolve+TM and the Ti1-xO2:Snx (19:1) film
exposed to Actichlor PlusTM.

185

Figures 5.4 and 5.5 show decreased binding energy Ti2p3/2, Ti2p1/2, O1s_1 and O1s_2
peak shifts for both the Actichlor PlusTM and the Virusolve+TM exposed Ti1-xO2:Snx
films, as compared to the untreated Ti1-xO2:Snx (19:1) film. This suggests a change in
titanium and oxygen chemical environments in both Ti-O and Ti-O-H bonding in
relation to the cleaning agent exposure.
Additionally, figure 5.6, also shows a decrease in binding energy corresponding to
Sn3d peaks for both the Virusolve+TM and the Actichlor PlusTM exposed Ti1-xO2:Snx
(19:1) films, as compared to the untreated Ti1-xO2:Snx (19:1) film. Again, this
suggests a variation in Sn-O and Ti-O-Sn chemical environments in relation to the
cleaning agent exposure.

Figure 5.6: Sn 3d peak shifts for the unexposed Ti1-xO2:Snx (19:1) film, the Ti1-xO2:Snx
(19:1) film exposed to Virusolve+TM and the Ti1-xO2:Snx (19:1) film exposed to
Actichlor PlusTM.
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Figure 5.7: C 1s_2 peak shifts for the unexposed Ti1-xO2:Snx (19:1) film, the
Virusolve+TM exposed Ti1-xO2:Snx and Actichlor PlusTM exposed Ti1-xO2:Snx.
Furthermore, figure 5.7 shows an altered chemical environment for surface carbon
present in surface carbonate groups with decreased binding energy C1s_2 peak shifts
for Virusolve+TM and Actichlor PlusTM exposed Ti1-xO2:Snx (19:1) films.
Overall, Actichlor PlusTM exposure provides specific surface ion contamination of
either Pilkington ActivTM or Ti1-xO2:Snx (19:1) surfaces, which could lead to reduced
photocatalytic activity and increased water contact angle hydrophobicity [596,
597]. It was found that both the Pilkington ActivTM and Ti1-xO2:Snx (19:1) films were
contaminated with 1.2-1.3 % phosphorus, as well as 0.4 % chlorine. This
presumably arises from exposure to the troclosene sodium component in the
Actichlor PlusTM (see table 5.2 here and chapter 3). In contrast, Ti1-xO2:Snx (19:1)
exposure to Virusolve+TM did not result in residual ion presence.
Ti1-xO2:Snx (19:1) samples exposed to Actichlor PlusTM showed the most evidence of
reduction in photocatalytic activity. The photocatalytic activity reduction
potentially arose from chlorine residues after the cleaning process, with Clpreviously shown to prevent O2 adsorption and CO-O2 intermediate creation [598].
However, such residues were not detected on the Ti1-xO2:Snx (19:1) films treated
187

with Virusolve+TM, which showed an initial decrease to a persistent lower level of
photocatalytic activity.
Since chemical or mechanical damage may have also resulted to the films in
question during the cleaning process, Ti1-xO2:Snx (19:1) sample surfaces were
examined using SEM. SEM was performed prior to, (figure 5.8) and after disparate
cleaning agent treatment (figure 5. a) and b)), following on from the procedures
established for Pilkington ActivTM in chapter 3.

Figure 5.8: Surface SEM of untreated Ti1-xO2:Snx (19:1)
a)

b)

Figures 5.9: Surface SEM of the Ti1-xO2:Snx (19:1) film following exposure to a)
Virusolve+TM and b) Actichlor PlusTM treatments
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From figure 5.8, the untreated Ti1-xO2:Snx (19:1) film appears to consist of smaller
“crystalline” regions and scattered larger grains, somewhat consistent with
previous studies on this material in chapter 4. Figure 5.9 indicates negligible
variation in terms of general surface appearance results subsequent to exposure of
the Ti1-xO2:Snx (19:1) sample to either Virusolve+TM (figure 5.9a)) or Actichlor PlusTM
(figure 5.9b)). In both cases, Ti1-xO2:Snx (19:1) surfaces remain composed of small
crystalline regions, suggesting no overall variation resulting from chemical or
mechanical damage.
5.3.1 Microbiological exposure
Initially microbiological surface attachment with E.coli was performed (table 5.4),
utilizing the optical density method previously described in Chapter 2. This was
applied to the detection of purple violet stain corresponding to attached E.coli
concentrations. It was found that the lowest levels of attachment were present on
the Pilkington ActivTM sample, which showed an average optical density of 0.11 (at
600 nm, 1 optical density = 8x108 bacteria ml-1). The largest levels of attachment
were indicated on the Ti1-xO2:Snx (19:1) sample, which showed an average optical
density of 0.38.
Average

Replicate 1

Replicate 2

Replicate 3

OD595nm

OD595nm

OD595nm

OD595nm

Pilkington Activ™

0.11

0.09

0.16

0.09

Ti1-xO2:Snx (19:1)

0.38

0.37

0.41

0.36

Quartz

0.31

0.32

0.38

0.21

Table 5.4: E.coli attachment (CV staining) on various film surfaces; Plain Glass,
Pilkington ActivTM and Ti1-xO2:Snx (19:1)
As may be observed from table 5.4, average E.coli surface attachment was greater
on the Ti1-xO2:Snx (19:1) sample and lower on both the Pilkington ActivTM and plain
fused quartz samples. However, the antimicrobial activity of similar surfaces may
be viewed from two distinct perspectives;
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Lower attachment levels are beneficial and will necessarily limit biofilm
formation.



Attachment may also be regarded as favourable, but only if the surface is
subsequently capable of antimicrobial activity via a photocatalytic reaction.

To assist in solving this conundrum, photocatalytic degradation of surface grown
E.coli was performed, incorporating colony counting and viable cell counts (dead or
alive experimentation).
The initial E.coli colony counting results obtained from all three samples were
inconclusive with TNTC (too numerous to count) frequencies generated across all
agar-grown E.coli cultures. Furthermore, the dead or alive experiments performed
using 50 minutes of UV light exposure indicated minimal E.coli cell death (95-99 %
alive). The initial results therefore suggest none of the samples were capable of
performing E.coli colony photosterilization. As might be expected, TNTC was also
reported for all corresponding samples left in darkness.
Furthermore, no E.coli colony growth distortion or aggregation [63, 599] was
detected as may be expected to result from colony damage only induced by UV
light. Which suggested the utilization of insufficient irradiation time/intensity to
significantly attack the E.coli colonies [63] during this experiment.
Considering this, the experiments were subsequently repeated utilizing preactivation of samples by UV light, prior to addition of E.coli. Samples were
irradiated by UV light for 1 hour and 30 minutes, followed by E.coli inoculation and
semi-immersed in water with hourly PBS addition to prevent drying out. Larger
samples (2.5 cm2) were also utilized in order to improve subsequent observations.
The results of these experiments are indicated in table 5.5, with the data labelled
as “initial” corresponding to an agar filled petri dish inoculated with a sample of
E.coli, prior to pre-activated sample surface application.
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(1.00E+09) cfu/ml

Replicate 1

Replicate 2

Replicate 3

average

(cfu/ml)

(cfu/ml)

(cfu/ml)

Initial

2.88E+12

TNTC

2.75E+12

3.01E+12

Pilkington Activ™

2.71E+12

2.68E+12

TNTC

2.75E+12

Ti1-xO2:Snx (19:1)

1.94E+12

1.88E+12

2.36E+12

1.59E+12

Quartz

1.84E+12

TNTC

1.42E+12

2.25E+12

Table 5.5: E.coli colony counts corresponding to initial (t=0) and after 6 hours (t=6)
UV light irradiation for; plain quartz, Pilkington Activ™ and Ti1-xO2:Snx (19:1) films
From table 5.5, plain quartz is observed to possess the lowest average levels of
colony formation, followed by the Ti1-xO2:Snx (19:1) film and then by the Pilkington
ActivTM film. These results are not as expected and only correlate with previous
attachment studies for the Pilkington ActivTM and Ti1-xO2:Snx (19:1) samples.
Therefore greater attachment equates to lower colony formation after six hours of
UV light irradiation.
From the presented results, it can be speculated that a high E.coli colony
degradation rate could initially occur on the pre-irradiated Pilkington ActivTM and
Ti1-xO2:Snx (19:1) films, resulting in debris from damaged/dead E.coli bacteria.
Without the subsequent removal of this debris and reconstitution of ROS sites,
further photocatalytic degradation reactions are sterically and chemically hindered
with the debris providing suitable attachment sites for E.coli bacteria. From this
point onwards any E-coli colony death and growth distortion [599] would probably
result from direct UV light exposure, hence the low colony counts from a plain
quartz sample.
5.4 Conclusions
In conclusion, the Ti1-xO2:Snx (19:1) film indicates greater photocatalytic activity
than initially observed in chapter 4. This is determined from both water contact
angle measurements and photocatalytic degradation with respect to basic blue 66
and resazurin inks under UV light irradiation. When treated once with either
Virusolve+TM or Actichlor PlusTM cleaning agents, the photocatalytic activity of Ti1191

xO2:Snx

(19:1) films was generally impaired with respect to resazurin ink

degradation. Additionally, repeated cleaning agent exposure provided negligible
variation in photocatalytic activity, similar to results from Chapter 3. Again
suggesting a significant amount of research is necessary prior to any TiO2-based
photocatalytically active coating deployment in any environment undergoing
regular cleaning agent exposure.
Concerning antimicrobial activity, it appears that attachment factors dictate
antimicrobial ability for the Pilkington ActivTM and Ti1-xO2:Snx (19:1) films, with
attachment required for photocatalytic degradation of E.coli cultures. Furthermore,
the enhanced photocatalytic activity of the Ti1-xO2:Snx (19:1) films in relation to the
nominally undoped TiO2, presumably arises from inducing subtle modification in
local environments surrounding the Sn4+, although the exact reasoning to support
these observations is not clear.
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Chapter 6: Synthesis and subsequent analysis of Ti1-xO2:Gax
films.
6.1 Introduction
As previously outlined in chapter 1, both the photocatalytic and conductive
properties of TiO2 films undergo alteration on dopant incorporation. Specifically,
Ti1-xO2:Gax (x≤0.05) structures typically show a slight improvement in photocatalytic
properties as compared to undoped TiO2. This photocatalytic improvement
correlates with indirect charge compensation introduction on Ga3+ substitution into
Ti4+ sites (GaTi’) and resulting VO../Ti3+ creation [600]. Additionally, the VO..
generated possess electron trapping capabilities [178] to enhance hole lifetimes
and hence assist in surface hydroxyl radical creation, improving the photocatalytic
activity. Ga3+ sites have also been proposed as electron trapping centres, further
increasing potential photocatalytic activity [180].
Both Ga3+ (76 pm) and Ti4+ (74.5 pm) possess similar ionic radii, but GaTi’ site
substitution induces morphological strain. This strain hinders grain growth and
assists in excess GaOx agglomeration [339] leading to increased recombination on
Ti1-xO2:Gax surfaces [180]. Additionally, GaTi’ substitution promoted the extension of
the ART to higher temperatures [600]. This provided both an increased
thermodynamic stability of the anatase morphology and greater surface
concentrations of titanol groups [177]. Additional promotion of surface adsorbed
O2 conversion to O2- was also detected [178].
Furthermore, Ti1-xO2:Gax structures typically display a red-shift in band gap towards
visible light wavelengths [178, 180, 339, 600, 601], probably corresponding to
generated Ti3+/VO.. mid-band gap states upon GaTi’ site substitution. Comparatively,
GaOx and TiO2 band mixing is unlikely to directly affect the overall band gap size
with a large 4.9 eV indirect Ga2O3 band gap presumably providing Burstein-Moss
effects.
In metal oxides, enhanced semiconductivity induced though gallium doping is
typically dominated by Zn1-xO:Gax films [371, 372, 374] with reported resistivities
equivalent to ITO magnitudes, e.g: 1.2x10-4 Ω.cm [372], 2.6x10-4 Ω.cm [373],
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3.18x10-4 Ω.cm [362] and 6.3x10-4 Ω.cm [14]. In contrast, reports of resistivity
measurements for Ti1-xO2:Gax are minimal. However, an ALD grown nanolaminate
Ti0.95O2:Ga0.05 film was synthesized recently [603] which indicated evidence of hole
repulsion and electron trap hopping through VO.. defect generation upon GaTi’ site
substitution.
Therefore, although Ti1-xO2:Gax particulates and films have been studied previously,
an understanding of the optimal gallium concentrations remains elusive. At the
time of writing ALD grown Ti1-xO2:Gax has not been subjected to photocatalytic
studies. Consequently, the remainder of this chapter discusses Ti1-xO2:Gax film
synthesis and associated analysis for potential photocatalytic and conductivity
improvement over similarly ALD grown undoped TiO2 films.
Furthermore, as the photocatalytic activity of nominally undoped TiO2 typically
results from the effect UV light irradiation possesses on the bulk electronic
structure and how this further effects the TiO2 surface chemistry. To examine the
relationship between the bulk electronic structure and surface chemistry possessed
by the Ti1-xO2:Gax film, the surface of Ti1-xO2:Gax was deliberately altered in further
experiments. This alteration was performed by creating surface GaOx was through
using a final pulse of TEGa (figure 6.1). Additionally, this process was also applied to
a range of Ti1-xO2:Gax films incorporating disparate gallium concentrations (based
on different ALD precursor cycle ratios).

Figure 6.1: The theoretical structure of Ga-capped Ti1-xO2:Gax films (Not to scale).
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6.2 Methodology
6.2.1 ALD synthesis of nanolaminate Ti1-xO2:Gax films
Through utilizing an identical nanolaminate thermal ALD process to chapter 4 [604].
Ti1-xO2:Gax films were grown on quartz substrates (Vitreosil® 077 optical fused
quartz) at 180 oC under argon gas. Triethylgallium (TEGa) was utilized as the gallium
precursor and was kept at 25 oC. Half of all synthesized samples underwent
annealing, as previously described.
6.2.2 ALD synthesis of Ga-capped Ti1-xO2:Gax films
A Cambridge Nanotech ALD system was utilized for film growth onto approximately
10nm ALD-grown Al2O3 (utilizing TMA (trimethylaluminium) at 26 oC in the bubbler
and water as precursors) on silicon wafer (<100>, p-type, boron doped) and corning
micro slide plain glass substrates, under argon gas. Ga-capped nanolaminate Ti1xO2:Gax

film growth proceeded at 325 oC with TDMAT and O2 plasma (20cm3

oxygen in 140cm3 argon gas at 300W) as precursors. The undoped TiO2 was also
grown utilizing the identical conditions described above.
Gallium substituted titanium growth cycles were designed by considering nominal
gallium oxide (GaOx/Ga2O3) growth within films. Ratio utilization was performed as
GaOx and TiO2 growth rates were initially assumed to equate for monolayer growth
(nominal 5 % bulk Ga2O3 relating to a 19:1 titanium: gallium (Ti:Ga) cycle ratio).
Cycle ratios were repeated for 550 cycles on average, synthesizing films with a
thickness dependent on the specific number of cycles or cycle ratio employed.
Furthermore, a final single TEGa ALD pulse was used to cap the Ti 1-xO2:Gax film.
6.2.3 Analysis of nanolaminate Ti1-xO2:Gax films
Ti1-xO2:Gax (99:1) and (19:1) underwent analysis subject to previously described
methodology within chapter 2. Specific technique variations are listed here:


A second Raman spectroscopy scan was performed on the UCC system. This
system utilized a standard 532 nm optical microscope, Raman probe head
and Ocean Optics QE PRO Raman spectrometer with variable slit widths,
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typically an 8 cm-1 tuneable resolution. 532 nm wavelength, 0.1-0.2 laser
spot size, and 30 mW laser power were also used.


Separate aluminium contamination study was performed through XPS
analysis, involving compositional scans at seven randomly located points
across Ti1-xO2:Gax (19:1) surface.



Photocatalytic ink degradation was performed by initial dispersion of basic
blue 66 ink across Ti1-xO2:Gax surfaces by a 3 mm K hand coater™. Samples
were exposed to two and a further six (Ti1-xO2:Gax (99:1) only) hours (after
initial deactivation) UV light irradiation.



Average contact angle measurement at 30, 60, 90 and 120 minute intervals
during UV light irradiation.
6.2.4 Analysis of Ga-capped nanolaminate Ti1-xO2:Gax films

All nominally undoped TiO2 and Ga-capped Ti1-xO2:Gax films were analysed
according to the previously described methodology (chapter 2). Specific technique
variations or films analysed to this chapter are listed here:


X-ray photoelectron spectroscopy was performed without adventitious
carbon removal prior to analysis.



All films (Ga-capped Ti1-xO2:Gax, nominally undoped TiO2, Pilkington Activ™
and glass substrates) underwent photocatalytic activation from four hours
of UV light irradiation prior to basic blue 66 ink application with a 3 mm K
hand coater™. Subsequent 10 minutes UV light irradiation with scanning
every 10 seconds throughout for image generation was performed.



Average water contact angles were determined at 240 minutes during UV
irradiation.
6.3 Results from nanolaminate Ti1-xO2:Gax film analysis.

XRD was performed on the as-grown and annealed Ti1-xO2:Gax (99:1) and (19:1)
films (figure 6.2) with no significant crystalline reflections being detected,
suggesting the material was essentially amorphous.
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Figure 6.1: XRD spectra of the as-grown Ti1-xO2:Gax (99:1) and (19:1) films and the
annealed (An) nominally undoped TiO2, Ti1-xO2:Gax (99:1) and (19:1) films.
Raman spectroscopy generally confirms this (figures 6.3 and 6.4) for the as-grown
Ti1-xO2:Gax (99:1) and (19:1) sample and the annealed Ti1-xO2:Gax (19:1). However,
single 144cm-1 peak detection for annealed Ti1-xO2:Gax (99:1) (figure 6.3) is
indicative of anatase morphology, possibly resulting from lower GaOx
nanolaminate concentrations. Additionally, on comparison to a Raman spectra for
an annealed nominally undoped TiO2 (figure 6.5), where peaks corresponding to
anatase crystallinity appear at 144 cm-1 (Eg), 199 cm-1 (Eg), 399 cm-1 (B1g), 517 cm-1
(A1g+B1g) and 636 cm-1 (Eg). It could be suggested gallium dopant addition decreases
potential anatase generation after annealing.
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Figure 6.3: Raman spectra of as-grown and annealed (An) Ti1-xO2:Gax (99:1) and asgrown Ti1-xO2:Gax (19:1)

Figure 6.3: Raman spectra of an annealed Ti1-xO2:Gax (19:1) film.
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Figure 6.5 Raman spectra of an annealed nominally undoped TiO2 film.
Furthermore, surface SEM was performed on Ti1-xO2:Gax resulting in as-grown Ti1xO2:Gax

indicating smooth, featureless surfaces (figure 6.6 a) and b)).

a)

b)

Figure 6.6 a) and b): Surface SEM of as-grown Ti1-xO2:Gax (99:1 and 19:1).
In contrast, annealed Ti1-xO2:Gax (99:1 and 19:1) (figures 6.7a) and b)) both indicate
greater granulation density within a smoother film morphology, again suggestive of
some crystallinity presence within amorphous morphology. Additionally, no
obvious morphological disparity is detected between Ti1-xO2:Gax with variable
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gallium concentrations, suggesting crystallinity is independent of gallium
concentration.
a)

b)

Figure 6.7 a) and b): Surface SEM of annealed Ti1-xO2:Gax (99:1 and 19:1).
For comparison, figures 6.8a) and b) show SEM images of the as-grown and
annealed nominally undoped thermally grown TiO2 samples. In correlation with the
Ti1-xO2:Gax films, the as-grown surface possesses a smooth surface morphology as
in figure 6.8 a). Annealed surfaces as in figure 6.8 b) indicate a much rougher,
mixed surface morphology, suggestive of crystallinity together with amorphous
morphology.
a)

b)

Figure 6.8: Surface SEM of a) as-grown and b) annealed nominally undoped TiO2.
In summary, Ti1-xO2:Gax grown through a thermal ALD process with subsequent
annealing suggests minimal morphological disparity on incorporation of differing
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gallium concentrations. Only Ti1-xO2:Gax (99:1) indicates any anatase reflection from
either Raman or XRD spectroscopy corresponding to a single 144 cm-1 peak.
Additionally, annealing produces mixed surface morphologies for both Ti 1-xO2:Gax
and nominally undoped TiO2, suggesting minimal anatase crystallite production.
Lower anatase creation is observed within the Raman spectra for Ti1-xO2:Gax films
on comparison with nominally undoped TiO2.
XPS was performed on the annealed Ti1-xO2:Gax (99:1) and (19:1) films (tables 6.1
and 6.2), as well as the annealed nominally undoped TiO2 film (table 6.3), to
determine composition and specific gallium concentrations.
Ti1-xO2:Gax

Ti1-xO2:Gax

Ti1-xO2:Gax

Ti1-xO2:Gax

(99:1)

(99:1)

(19:1)

(19:1)

Position

Concentration

Position

Concentration

(eV)

(%)

(eV)

(%)

530.3

45.6

530.4

50.0

531.5

6.1

531.5

18.6

533.5

19.1

533.0

2.5

Ti 2p_1 (Ti3+ 2p3/2)

457.2

1.9

457.2

1.8

Ti 2p (Ti3+ 2p1/2)

461.8

0.9

461.6

0.9

Ti 2p_1 (Ti4+ 2p3/2)

458.9

12.8

458.9

12.3

Ti 2p (Ti4+ 2p1/2)

464.6

6.4

464.5

6.2

C 1s_1 (C=C/C-C)

284.8

3.6

284.8

3.1

C 1s_2 (C-O)

286.5

1.5

286.6

0.8

C 1s_3 (O-C=O)

288.8

0.8

288.8

0.2

C 1s_4 (CO3)

290.2

1.1

290.1

1.1

Peak

O 1s_1 (metal
oxide)
O 1s_2 (organics,
hydroxide)
O 1s_3 (organics,
SiOx)

Table 6.1: High resolution XPS results for both Ti1-xO2:Gax (99:1) and Ti1-xO2:Gax
(19:1) films.
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Ti1-xO2:Gax

Ti1-xO2:Gax

Ti1-xO2:Gax

Ti1-xO2:Gax

(99:1)

(99:1)

(19:1)

(19:1)

Position

Concentration

Position

Concentration

(eV)

(%)

(eV)

(%)

O 1s

530.1

63.0

530.4

60.2

Ti 2p

458.1

19.2

458.4

16.9

Ga 2p

1118.1

0.2

1117.4

1.4

C 1s

285.1

5.2

284.4

4.6

N 1s

397.1

1.0

396.4

5.5

Al 2p

-

-

74.4

11.4

Si 2p

104.1

11.5

-

-

Peak

Table 6.2: Low resolution XPS results for both Ti1-xO2:Gax (99:1) and Ti1-xO2:Gax
(19:1) films.
Peak

Position (eV)

Concentration (%)

O 1s_1

530.6

58.8

O 1s_2

531.7

8.7

Ti3+ 2p_1

457.7

3.7

Ti3+ 2p

462.6

1.9

Ti4+ 2p_1

459.3

16.4

Ti4+ 2p

464.9

8.2

C 1s_1

284.7

1.6

C 1s_2

286.6

0.4

C 1s_3

289.4

0.3

Table 6.3: High resolution XPS results for the nominally undoped TiO2 film.
From Table 6.1, the Ti0.92Ga0.08O2 (19:1) and Ti0.99Ga0.01O2 (99:1) films both showed
a 2.9/2.8 % Ti3+ 2p3/2 and 1/2 concentration (457.2/461.6 eV) equating to 13.1/12.7 %
of detected titanium. Correspondingly, 19.2 % (86.9/87.2 % total) is retained as
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Ti4+2p(3/2 and 1/2) (458.9/464.5 eV) [150, 573], indicating a lower Ti3+ concentration on
comparison with nominally undoped TiO2 (5.6 % of overall detected elements or
18.5 % of all detected titanium).
A 1:2 Ti:O ratio is clearly indicated through comparing the signals from titanium
and lattice incorporated oxygen (O 1s_1: 530.4/530.3 eV) (50.1/45.6 %), suggesting
the ALD process provides sufficient TiO2 oxidation. In contrast, a bulk oxygen
deficiency is indicated within lattice incorporated oxygen (O 1s_1 530.6 eV)
concentrations (58.8 %) in a 1:2 ratio (Ti:O) for the nominally undoped TiO2 film.
This suggests a greater Ti3+ creation results from VO.. defect generation on oxygen
diffusion [574].
Some shifts in the titanium 2p peaks (0.3-1 eV) and an oxygen 1s_1 peak (530.3 eV)
(0.3 eV) are observed for both Ti1-xO2:Gax films. This suggests a degree of electron
enrichment of atomic titanium environments further increasing the stability of Ti4+O2--Ti4+ bonding in comparison to nominally undoped TiO2 (figures 6.9 and 6.10),
which contain greater Ti3+.

Figure 6.9: Titanium 2p peak shifts for Ti1-xO2:Gax (19:1) (Ti1-xO2:Gax (99:1) within
error of (19:1)) and nominally undoped TiO2.
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Figure 6.10: Oxygen 1s_1 peak shift between the Ti1-xO2:Gax (19:1) film and
nominally undoped TiO2.
Disparities are also indicated between O 1s_1 environments for Ti 1-xO2:Gax (99:1)
and Ti1-xO2:Gax (19:1) films, corresponding to 0.5 eV O 1s_3 (533.5 eV) peak shifts
respectively (figure 6.11).

Figure 6.11: Oxygen 1s_3 peak shift between Ti1-xO2:Gax (19:1) and (99:1) films.
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Gallium concentrations for the Ti1-xO2:Gax (19:1) film were not the 5 % expected
from the precursor ratios utilized (table 6.2). The Ti1-xO2:Gax (19:1) film contained
1.4 % gallium Ga3+ 2p (1117.4 eV) equating to 7.7 % when compared to the overall
titanium percentage (22.3 %). However, the Ti1-xO2:Gax (99:1) film contains 0.2 %
gallium equating to an expected 1 % on comparison to the overall titanium
percentage (19.2 %). Additionally, table 6.4 shows Ti0.92Ga0.08O2 gallium
concentrations remain at 1.4 % until 100 seconds sputtering with a gradual
decrease to 0.8 % at 1500 seconds sputtering. Overall this equates to a 4.9 % bulk
Ga3+ average concentration on comparison to equivalent titanium concentrations.
Therefore, comparably greater surface Ga3+ concentrations could suggest
accumulation resulting from diffusion during annealing [605, 606].
Peak

Concentration (%)

Concentration (%)

Concentration (%)

at 100 seconds

at 800 seconds

at 1500 seconds

sputtering

sputtering

sputtering

O 1s

62.5

62.5

63.0

Ti 2p

22.3

26.6

27.0

Ga 2p

1.3

0.9

0.8

C 1s

5.1

4.2

3.5

N 1s

0.9

-

-

Al 2p

7.8

5.8

3.2

Si 2s

-

-

2.6

Table 6.4: Concentrations of the Ti0.99Ga0.01O2 film at 100, 800 and 1500 seconds
sputtering
Furthermore, minimal nitrogen (1 %) and carbon (5.2 %) contamination is indicated
in Ti0.99Ga0.01O2 (table 6.1). This contamination primarily correlates to adventitious
carbon [575] and TDMAT/TEGa precursor residue with both C-C (285.1 eV, 3.6 %)
and C-N (397.1 eV) bonding detected. Some 11.5 % silicon, relating to either nonuniform substrate coverage or ion diffusion is also detected. In contrast, table 6.3
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highlights lower (2.3 %) adventitious carbon contamination for undoped TiO 2,
potentially suggesting a purer film with decreased precursor residues.
Table 6.2 also suggests electron enrichment of surface carbonate groups for both
Ti1-xO2:Gax with decreasing peak (288.8 eV) binding energy (0.6 eV) indicated, as
compared to nominally undoped TiO2 (figure 6.12). Correspondingly, Ti0.99Ga0.01O2
and Ti0.92Ga0.08O2 also possess a 290.1 eV peak equatable to metal-carbonate (CO3-)
bonding [440]. Additionally, a slight increase in atmospheric carbonate
concentration (2.3 % compared to 1.1 %) is detected for Ti0.99Ga0.01O2.

Figure 6.12: Nominally undoped TiO2 and Ti0.92Ga0.08O2 (Ti0.99Ga0.01O2 within error)
carbonate group peak shift.
Furthermore, the Ti0.92Ga0.08O2 also displays evidence of significant contamination:


Decreasing aluminium concentration on sputtering (11.4 to 3.2%) (table
6.4), initially present as Al-O bonding (74.4-74.6 eV) in Al2O3 [579].
Aluminium environments subsequently undergo a peak shift (73.4-73.7 eV)
with increasing film depth (beyond 60 seconds sputtering) (table 6.4).
However, in a separate study (figure 6.13) the aluminium contamination
appears to be surface related (~7.5x10 atm%). This suggests either Al2O3 or
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AlN particulate contamination from the ALD or oven chamber walls during
synthesis or annealing, respectively.

Figure 6.13: Analysis distribution across Ti0.92Ga0.08O2 surface and correlating
aluminium signals from generated spectra
Al2O3 particulate contamination was subsequently detected through surface
SEM measurements (figure 6.14).
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Figure 6.14: Particulates on the Ti0.92Ga0.08O2 film.


Adventitious carbon levels are initially stable (4.6-4 % for up to 15 seconds
sputtering) and most probably arise from either atmospheric contamination
or precursor reaction residues. Specifically, Table 6.4 indicates gradual
concentration decrease on further sputtering (1.9-0.9 % up to 600 seconds).
Peaks corresponding to both metal-carbonate (290.1 eV) [440] and metalcarbide (282.5 eV) bonding [440] were also evident from 100 seconds
sputtering onwards. This suggests that carbon incorporation is most likely as
interstitial and substitutional doping. Furthermore, negligible carbon
contamination was detected subsequent to 600 seconds of sputtering.



Surface nitrogen contamination was detected, suggestive of metal-nitrogen
bonding (368.4 eV). These are generated through either precursor residues,
which are unlikely to be Ti-N related with respect to titanium peak positions
[607], or possibly Al-N (396.4 eV) [608], arising from surface particulate
contamination.

Since Ti0.92Ga0.08O2 contained significant amounts of aluminium, nitrogen and
carbon, further research is ideally required in order to accurately gauge the
photocatalytic activity.
In summary, both Ti1-xO2:Gax films exhibit lower levels of Ti3+ 13.1/12.7 % as
compared to similarly grown nominally undoped TiO2 (18.5 %). Additionally, the
gallium concentrations are greater (1.3/8.6 %) than might be expected just from
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the ALD ratio employed (1/5 %), probably correlating with an increased GaOx
growth rate [609]. However, the films also incorporates both nitrogen and carbon
contamination as well as being influenced by aluminium containing particulates.
6.3.1 Optical and Photocatalytic activity
Photocatalytic basic blue 66 ink degradation was subsequently attempted under
UV light irradiation. Initial results (figure 6.15) prepared using the 3 mm K hand
coater™ show no evidence of degradation after two hours UV light irradiation for
the unannealed Ti1-xO2:Gax (99:1 and 19:1) samples. Furthermore no evidence of
degradation was observed for the annealed Ti0.92Ga0.08O2.

Figure 6.15): Initial basic blue 66 ink degradation before and after two hours UV
irradiation on Ti1-xO2:Gax films; a) and e) unannealed 99:1, b) and f) annealed 99:1,
c) and g) unannealed 19:1, and d) and h) annealed 19:1.
Contrastingly, the annealed Ti0.99Ga0.01O2 film exhibits some evidence of basic blue
66 ink degradation over two hours, suggesting sufficient charge carrier motion and
reactive surface oxide species generation. Furthermore, photocatalytically active
properties are proposed to arise through the presence of some anatase crystallites
presumably containing lower levels of gallium and not being affected by surface
particulate contamination. The observation was verified by performing basic blue
66 ink degradation on Ti0.99Ga0.01O2 for six hours of UV irradiation, resulting in
complete bleaching (ttb) after 4 hours and 22 minutes (figure 6.16).
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Figure 6.16: Annealed Ti0.99Ga0.01O2 film before and after six hours irradiation.
The annealed Ti0.99Ga0.01O2 film exhibits a significantly increased ttb in contrast to
annealed nominally undoped TiO2 (11 minutes 4 seconds ±35 seconds) undergoing
identical thermal ALD film syntheses. Thus further suggesting gallium addition to
TiO2 results in a reduction in photocatalytic activity.
To further examine the photocatalytic activity through surface reactive oxide
species generation, average water contact angles were measured on the Ti 1-xO2:Gax
(99:1 and 19:1 films, both unannealed and annealed) films (figure 6.17).

Figure 6.17: Ti1-xO2:Gax (99:1 and 19:1, unannealed and annealed (An)) average
water contact angles prior to, during and subsequent to UV irradiation.
From figure 6.16, remarkably Ti1-xO2:Gax films become more hydrophobic upon UV
irradiation (57-78 o) with increasing contact angle detected over 0 to 120 minutes
of UV illumination. No obvious correlation is visible between UV light irradiation
time and either gallium concentration or annealed/unannealed Ti1-xO2:Gax.
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Additionally, all Ti1-xO2:Gax films became more hydrophobic on darkness
immersion.
Further experimentation showed UV light irradiation (up to five hours) on the
annealed Ti0.99Ga0.01O2 film had little or no effect on water contact angle, with the
reasons for this behaviour not clear. However, it is possible to speculate that a lack
of anatase crystallinity, combined with aluminium particulate contamination could
result in high levels of recombination and prevent ROS formation. Furthermore,
deliberately introduced GaOx, or even AlOx particulates, could provide electron
trapping centres [610], increasing recombination.
UV/visible spectra were recorded from the unannealed and annealed nominally
undoped TiO2 and Ti1-xO2:Gax films (figure 6.18). The samples exhibit 87-93 %
transmission at 700 nm, gradually degrading on decreasing visible light wavelength
to 61-73 % transmission at 390 nm. Subsequently, a rapid decrease in transmission
is observed preceding 300 nm as a result of TiO2 bandgap absorption [585] across
all films.

Figure 6.18: UV/Visible light transmission for nominally undoped TiO2 and Ti1xO2:Gax

films (unannealed and annealed (An)).
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Both the Ti0.99Ga0.01O2 films exhibit reduced visible wavelength transmission as
compared to the Ti0.92Ga0.08O2 film. This possibly relates to lower GaOx
nanolaminate levels and a reduction in Burstein-Moss effects which would arise if
the TiO2 was modified by a higher band gap material such as Ga2O3. Furthermore, a
reduction in visible light transmission is detected upon annealing of the Ti 1-xO2:Gax
film (figure 6.18) possibly due to the formation of anatase (3.2 eV) from amorphous
(3.37 eV), reducing the overall band gap.
The annealed Ti0.99Ga0.01O2 film possesses lowest visible light transmission levels
resulting from lower GaOx nanolaminate concentration and the presence of some
anatase. Correspondingly, both Ti0.99Ga0.01O2 films possess lower visible light
transmission in contrast to the nominally undoped TiO2 film, possibly relating to
the lower Ti3+ concentrations detected, suggesting the presence of mid-band gap
states [44].
From the spectra shown in figure 6.18 band gaps were calculated (table 6.5)
through Tauc plot creation (figure 6.19). Table 6.5 indicates minimal Ti1-xO2:Gax
band gap variation as compared to nominally undoped annealed TiO2 (2.82 eV).
However, this value is low compared to reported band gaps for similar TiO 2
morphologies in literature [1, 2], but potentially this relates to significant mid-band
gap Ti3+ state creation [44, 150].
Band gap (eV)
TiO2 (annealed)

2.82

Ti0.99Ga0.01O2

2.85

Ti0.99Ga0.01O2 (annealed)

2.80

Ti0.92Ga0.08O2

2.76

Ti0.92Ga0.08O2 (annealed)

2.90

Table 6.5: Calculated band gaps (direct) for nominally undoped TiO2 and Ti1-xO2:Gax
films.
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Figure 6.19: Equivalent Tauc plots of annealed (An) nominally undoped TiO2 and asgrown and annealed (An) Ti1-xO2:Gax (19:1) and (99:1) films.
Thus it may be concluded that GaOx nanolaminate addition provides only a minimal
band gap variation (2.76-2.90 eV), as compared to nominally undoped TiO2, which
is possibly related to either;


Varying levels of anatase between differing Ti1-xO2:Gax samples,



Or varying amounts of Ti3+ defects resulting from Ga3+ inclusion.

To summarize, Ti1-xO2:Gax (99:1 and 19:1) films indicate lower photocatalytic
activity with respect to basic blue 66 ink degradation. Additionally, greater water
droplet hydrophobicity under UV light irradiation is detected for Ti1-xO2:Gax films
(99:1 and 19:1), as compared to the nominally undoped TiO2 film. Moreover,
minimal band gap difference is generated on disparate gallium concentrations.
6.3.2 Electrical conduction
All Ti1-xO2:Gax samples grown by thermal ALD were highly resistive, irrespective of
annealing status and dopant concentration.
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6.4 Results from Ga-capped nanolaminate Ti1-xO2:Gax film analysis
GIXRD was performed on Ga-capped Ti1-xO2:Gax films. Figure 6.20 a) and b) shows
representative data for the Ga-capped Ti1-xO2:Gax (74:1) films on silicon and glass
substrates, with additional data provided within appendix A. Additionally, figure
6.20a) and b) highlights a weak broad peak at 25.3 o 2θ, corresponding to the (101)
anatase reflection [424]. This peak is found in the Ga-capped Ti1-xO2:Gax (99:1) and
(74:1) films on silicon and glass substrates, as well as for the Ga-capped Ti1-xO2:Gax
(49:1) and (39:1) films on the silicon substrate. In contrast, no weak peak at 25.3

o

2θ is observed for Ga-capped Ti1-xO2:Gax films incorporating higher gallium
concentrations, suggesting amorphous film natures.
a)

b)

Figures: 6.20 a) and b), demonstrating typical (101) anatase reflection observed
from Ga-capped Ti1-xO2:Gax (74:1) on silicon and glass, respectively (remainder in
appendix A).
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Assumedly, other anatase reflections possess inadequate intensity for successful
definition compared to background radiation, suggesting poor crystalline natures
from weak titanium dioxide anatase (101) reflection intensity [611]. Rutile
crystalline phase reflections [612], or deviation in (101) anatase reflection position
(25.3o 2θ) remained undetected on varied gallium dopant concentration. These
results therefore suggest complete Ga2O3 nanolaminate inclusion into titanium
dioxide matrices [178], and also lattice distortion on incorporation of Ti4+ site (GaTi’)
substitution, as detected from low peak intensity [177].
Absence of Ga2O3 polymorph (α, β, γ) reflections also confirms complete dopant
inclusion [600, 613], suggestive of minimal gallium oxide diffusion to assemble
larger Ga2O3 barrier layers/regions. However, additional Ga2O3 nanolaminate
growth in Ti1-xO2:Gax films suggests an optimal gallium saturation effect [339, 614]
with a major shift in crystallinity from anatase to amorphous after (74:1) on glass
and (39:1) on silicon substrates. Significant reduction in overall Ti1-xO2:Gax film
crystallinity is therefore subsequent to optimal dopant saturation. On reaching
optimal dopant saturation, greater frequencies of Ga2O3 nanolaminates would
prevent anatase generation and “fix” Ti1-xO2:Gax films into an amorphous
morphology. With amorphous morphology occurring through either: diminished
TiO2 thickness between Ga2O3 nanolaminates [614] or alternatively, lattice strain or
distortion intensification [177, 339].
However, reduced anatase crystallinity indicated could also result from either; Ti 1xO2:Gax

film oxygen deficiency or XRD machine insensitivity. Oxygen deficient Ti1-

xO<2:Gax

would possess greater VO.. concentrations from charge compensation on

substitution of two Ti4+ for Ga3+ (GaTi’) [603]. Possibly presenting a Ti2O3/TiO2/Ga2O3
film environment with greater gallium concentrations, to result in amorphous
morphology, however, confirmation is required through either XPS or SIMS
analyses. Alternatively, XRD machine insensitivity towards synthesized Ti1-xO2:Gax
possessing lower thicknesses, can also result in decreased reflection peak intensity,
providing peak broadening and unobservance above detected background
radiation. However, confirmation or negation of this phenomenon requires thicker
film growth or utilization of differing microscopic or spectroscopic analyses.
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Raman spectroscopy was performed on TiO2 and Ga-capped Ti1-xO2:Gax films and
provided more information (figures 6.21 and 6.22), as compared to the XRD results
(figures 6.20a) and b)). Films grown on silicon substrates exhibit Raman vibrational
modes equating to anatase crystallinity; 144 cm-1, 199 cm-1, 399 cm-1 and 636 cm-1
(Eg, Eg, B1g and Eg) [1] for TiO2 and Ga-capped TiO2:Ga ((99:1), (74:1) and (39:1))
films. The remaining peaks equate to the substrates [567, 615] with the 517 cm-1
anatase peak being obscured by a large silicon substrate peak. An optimal dopant
limit is suggested between ratios of (49:1) and (39:1) respectively indicating a
transition between amorphous material and anatase crystallinity, with additional
gallium concentration equating to amorphous morphology. This optimal dopant
limit also correlates to the XRD results.

TiO2
TiO2:Ga 99:1
TiO2:Ga 74:1
TiO2:Ga 49:1
TiO2:Ga 39:1
TiO2:Ga 32:1
TiO2:Ga 19:1
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Figure 6.21: Showing TiO2 and Ga-capped Ti1-xO2:Gax (99:1-19:1) vibrational mode
peaks on silicon.
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Figure 6.22: showing TiO2 and Ga-capped Ti1-xO2:Gax (99:1-19:1) vibrational mode
peaks on glass substrates.
Spectra obtained for TiO2 and Ga-capped Ti1-xO2:Gax ((99:1), (74:1) and (39:1))
grown on glass substrates again exhibit anatase crystallinity. The corresponding
vibrational modes for anatase are detected at; 144 cm-1, 399 cm-1, 514 cm-1 and
636 cm-1 (Eg, B1g, A1g+B1g and Eg) with a broad 530 cm-1 glass substrate peak [567].
Nominally undoped TiO2 and (99:1) Ga-capped Ti1-xO2:Gax also possessed a 199 cm1

(Eg) vibrational mode, suggesting greater anatase character [1].

As previously indicated, increasing gallium concentration incorporation generates
decreasing anatase character. This is particularly observed for both the 144 cm-1
peak intensity decrease from (99:1) to (39:1) Ga-capped Ti1-xO2:Gax, and the
detection of the 199 cm-1 peak in TiO2 and (99:1) Ga-capped Ti1-xO2:Gax. Therefore
the optimal gallium incorporation is suggested prior to negatively affecting anatase
morphology.
Furthermore, surface SEM was performed on Ga-capped Ti1-xO2:Gax films to see if
surface morphology could reinforce the hypothesis of decreasing film crystallinity
with increasing gallium concentration. Surface SEM indicates flat, conformal Gacapped Ti1-xO2:Gax films were grown (figures 6.23a-d). However, for the growth of
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Ga-capped Ti1-xO2:Gax exceeding 32:1 cycles ((19:1) and (9:1)), greater numbers of
uneven features potentially corresponding to pinholes were observed (figure
6.23c)). The detected minor variation in layer texture may result from growth on
differing substrates or varied gallium concentration.
a)

b)

c)

d)

Figures 6.23a), b), c) and d): Surface SEM of (99:1) and (9:1) Ga-capped Ti1-x O2:Gax
on silicon, and (99:1) and (9:1) Ga-capped Ti1-xO2:Gax on glass (remainder in
appendix A), respectively.
The morphology of the Ga-capped Ti1-xO2:Gax (99:1) sample indicates a substrate
dependence. Ga-capped Ti1-xO2:Gax films grown on silicon substrates possess flat
lamellar growth and small granular structures (figure 6.23a)), and films grown on
glass substrates are significantly granular (figure 6.23c)). Substrate growth
selectivity, as seen in dip coated TiO2 film growth [616] and related to surface
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hydroxyl group density, as detected in ALD growth of tungsten [617], is therefore
proposed in order to explain disparate Ga-capped Ti1-xO2:Gax film surface
structures. However, similar Ga-capped Ti1-xO2:Gax (99:1) thicknesses, silicon: 36.5
nm and glass: 35 nm (as shown by TEM in the next section), also suggest otherwise.
Corresponding with previous analyses, significant Ga-capped Ti1-xO2Gax surface
morphology variation is seen to occur upon increasing the gallium concentration.
On silicon substrates, flat lamellae structures diminish to generate rougher,
granular Ga-capped Ti1-xO2:Gax films (between (39:1) and (32:1)). Additionally,
further granular dispersity and smoothening occur for greater gallium
concentrations, resulting in the smoothest morphologies for the highest (Gacapped Ti1-xO2:Gax (9:1)) gallium concentrations (figure 6.23b)). Furthermore,
scattered granules across Ga-capped Ti1-xO2:Gax surfaces could result from the final
Ga2O3 ALD cycle, which forms a “capping” Ga2O3 monolayer [618, 619]. On glass
substrates, identical surface morphological variations are observed subsequent to
Ga-capped Ti1-xO2:Gax (49:1) synthesis, correlating with the detected anatase to
amorphous transition as noted earlier. For improved resolution of Ti1-xO2:Gax
thicknesses and morphology, TEM was subsequently performed, as described in
the following section.
TEM results suggest nominally undoped TiO2 and all Ga-capped Ti1-xO2:Gax films
comprehensively incorporate separate polycrystalline anatase and amorphous
morphology regions, independent of the disparate gallium concentrations and the
utilized substrate (figure 6.24).
a)

b)

Figure 6.24: demonstrating thickness and crystalline morphology detected on each
substrate, a) silicon (49:1) and b) glass (19:1), respectively (rest in appendix A).
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Furthermore, TEM suggests that all samples were poor in terms of anatase
crystallinity. However, variable Ga-capped Ti1-xO2:Gax crystallinity with clearly
observable grain boundaries (figure 6.24) between amorphous and anatase growth
areas, suggests TiO2 growth results from multiple hydroxyl nucleation sites on the
substrate surface [617]. The fact that the Ga-capped Ti1-xO2:Gax crystallinity
decreases with increasing gallium concentrations suggests gallium incorporation
hinders or deforms anatase crystal growth [177, 339].
The observable variation in Ga-capped Ti1-xO2:Gax film thicknesses (table 6.6) shows
no correlation with increasing gallium concentration, suggesting only the
crystallinity and not the film growth rate is affected.
Dopant ratio

silicon

Glass

cycles (Ti:Ga)

substrate

Substrate

Film thickness

Film growth

Film thickness

Film growth

(nm)

rate

(nm)

rate

(nm/cycle)

(nm/cycle)

Undoped

31

0.056

21

0.038

99:1

36.5

0.061

35

0.058

74:1

36

0.068

20

0.038

49:1

31

0.056

27

0.049

39:1

33.6

0.06

20

0.036

32:1

30

0.054

26

0.046

19:1

30

0.054

25

0.045

9:1

30

0.054

30

0.055

Average

32.3

0.058

25.5

0.046

Table 6.6: Average film thicknesses and growth per ALD cycle
Both nominally undoped TiO2 and average Ga-capped Ti1-xO2:Gax growth on silicon
substrates (0.058 nm/cycle), are equal (within error) to the quoted literature
growth rates (0.06 nm/cycle) [604]. In contrast, a reduced average growth rate is
observed on glass substrates (0.046 nm/cycle), suggesting the postponement of
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initial nucleation on glass is possibly generated as a result of reduction in active
surface sites [617].
Furthermore, although Ga2O3 nanolaminate generation might be in Ga-capped Ti1xO2:Gax

ALD synthesis, Ga3+ diffusion [605, 606] could generate increased dopant

concentrations at grain boundaries and surface regions. Surface Ga2O3 or even Ga3+
distribution throughout Ti1-xO2:Gax could result varying crystallinity and therefore
also varying photocatalytic activity and electrical conduction properties. In order to
attempt to investigate the possibility of nanolaminate GaOx formation, TEM was
utilized to study the Ti1-xO2:Gax (39:1) film, figure 6.25.

Figure 6.25: Attempting GaOx nanolaminate detection with the Ti1-xO2:Gax (39:1)
film through TEM.
Figure 6.25 indicates no obvious GaOx nanolaminate detection, suggesting gallium
diffusion [605, 606] throughout Ti1-xO2:Gax films. However, it is not reliable to draw
conclusions from figure 6.25, due to gallium overexposure during sample cutting
(FIB utilizes a gallium ion beam [432]) and/or the use of low magnification. Ideally
high resolution TEM (HRTEM) with hydrogen beam cutting would be utilized to
prepare samples for future analysis.
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To summarize, all nominally TiO2 and Ti1-xO2:Gax samples prepared show minimal
anatase crystallite formation from TEM, dependent on possessed gallium
concentrations. Lower gallium concentrations allow for greatest anatase crystallite
growth, with highest GaOx nanolaminate concentrations to register anatase
crystallites in Raman and XRD spectroscopy equalling ≤ (49:1)-(39:1) Ti:Ga growth
cycle ratios. Alternatively, greater GaOx nanolaminate concentrations in Ti1-xO2:Gax
films result in significant crystalline degradation towards an amorphous
morphology with increasing concentrations, as suggested by the absence of
discernible features in SEM.
Additionally, assumed GaOx nanolaminate growth with or without Ga3+ diffusion is
suggested to sterically hinder anatase generation. However, it was impossible to
unambiguously identify the gallium sites by TEM.
Furthermore, Ti1-xO2:Gax indicates anatase growth variability on differing
substrates, with silicon and glass surfaces generating flat lamellae and granular
growths, respectively. Disparate growths on differing substrates potentially result
from variations in nucleation characteristics. However, polycrystalline growth could
also result from utilizing synthesis temperatures above the ideal precursor ALD
window to attempt simultaneous anatase growth, generating significant CVD-type
synthesis. Nevertheless, nominally undoped TiO2 and Ti1-xO2:Gax composition is
analysed through SEM energy dispersive X-ray spectroscopy (EDX) below.
Ga-capped Ti1-xO2:Gax films grown on silicon substrates (figures 6.26 and 6.27)
predominately indicate high purity with negligible contamination attributed to
adventitious carbon (0.277 keV). However, the (39:1), (32:1) and (19:1) Ga-capped
Ti1-xO2:Gax films contain comparably greater carbon concentration. Additionally,
the (39:1) Ga-capped Ti1-xO2:Gax film also indicates minimal nitrogen contamination
(0.392keV), possibly relating to TDMAT precursor decomposition [115]. Otherwise
silicon (1.740 keV), oxygen (0.523 keV) and titanium (0.452, 4.510 and 4.95 keV)
are detected, confirming TiO2 growth.
Gallium is detected throughout the (9:1), (19:1) and (32:1) Ga-capped Ti1-xO2:Gax
films with the 1.028 keV peak intensity decreasing corresponding to lower gallium
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nanolaminate incorporation. Furthermore, minimal or negligible 1.028 KeV peak
intensity is detected for the (49:1) to (99:1) Ga-capped Ti1-xO2:Gax films, suggesting
the gallium concentrations are below the EDX detection limits [430]. Other peaks
corresponding to gallium (10.27 and 9.250 keV), also remain undetected in most
Ga-capped Ti1-xO2:Gax films. Additionally, the 10.27 and 9.250 keV peaks are
detected at highest gallium concentrations found in the (9:1) Ga-capped Ti1-xO2:Gax
films. However, due to identical process synthesis utilization across all Ga-capped
Ti1-xO2:Gax, gallium incorporation into all Ga-capped Ti1-xO2:Gax films is assumed.

Figure 6.26: EDX of Ga-capped Ti1-xO2:Gax (99:1) on silicon.

Figure 6.27: EDX of Ga-capped Ti1-xO2:Gax (9:1) on silicon (remainder in appendix
A).
Silicon, oxygen and glass impurity elements (bromine (1.48 keV), calcium (0.34,
3.69 keV), potassium (3.3 keV), magnesium (1.25 keV) and sodium (1.04 keV)) are
indicated on Ga-capped Ti1-xO2:Gax films on glass substrates (figures 6.28 and 6.29).
Film growth is also confirmed through the detection of titanium peaks (0.452,
4.510 and 4.95 keV) with an indiscernible adventitious carbon contamination peak.
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However, minimal surface concentrations are assumed as on silicon substrate
samples.
The 9.250 keV gallium peak is only detected in both the (19:1) and (9:1) Ga-capped
Ti1-xO2:Gax films with 10.27 keV gallium peaks remaining undetected and 1.028 keV
peaks smothered by a 1.04 keV sodium peak. However, as aforementioned on
silicon substrates a gallium presence is assumed in all Ga-capped Ti1-xO2:Gax films.

Figure 6.28: EDX of Ga-capped Ti1-xO2:Gax (99:1) on glass.

Figure 6.29: EDX of Ga-capped Ti1-xO2:Gax (9:1) on glass (remainder in appendix A).
XPS was further performed on the Ga-capped Ti1-xO2:Gax (99:1) film and the
nominally undoped TiO2 film, both grown on silicon and glass substrates, to
generate surface region film composition.
Ga-capped Ti0.93Ga0.07O2 (99:1) films on both glass and silicon substrates indicated
only Ti4+ (Ti 2p3/2 and

1/2:

458.6 and 464.3 eV) peaks in a 2:1 ratio (13.7:6.9 % and

20.6 % total) and no evidence of Ti3+ formation. This suggests completely oxidized
Ti1-xO2:Gax and nominally undoped TiO2 through PEALD synthesis. A 1:2 Ti:O ratio is
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also clearly defined with corresponding lattice oxygen (O 1s_1; 530 eV)
concentrations (42.8 %). Additionally, negligible variation is detected between
growths on disparate substrates.
Furthermore, nominally undoped TiO2 samples on both glass and silicon substrates
grown under the same conditions show similar properties. These typically involve
lacking Ti3+ concentrations (Ti4+: 10.4 % (glass), 12.4 % (silicon) with a 1:2 Ti:O ratio,
suggesting fully oxidized films. However, various disparate surface oxygen
environments are detected between equivalently grown nominally undoped TiO 2
and Ga-capped Ti1-xO2:Gax films, as shown by O 1s peak shift in figures 6.30 and
6.31.
a)

Figure 6.30: O 1s XPS for the nominally undoped TiO2 film and the Ga-capped Ti1xO2:Gax

films on silicon substrate.
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b)

Figure 6.31: O 1s XPS for the nominally undoped TiO2 film and the Ga-capped Ti1xO2:Gax

films on glass substrate.

Additionally; Ga3+ 2p (1117.9 eV) and (1117.5 eV) was detected for the Ga-capped
Ti0.93Ga0.07O2 films on glass and silicon substrates respectively. This generates 1.51.6 % of overall surface composition or 7 %, if assuming Ti4+ substitutional
nanolaminate growth, suggesting a significantly higher GaOx concentration than
expected (1 %) [609].
Furthermore, between 21.8-23.1 % of adventitious carbon impurities are detected
within the Ga-capped Ti0.93Ga0.07O2 surface escape depth, due to a lack of surface
sputtering. Typically, adventitious carbon either corresponds to;


Atmospheric CO2 capture by surface OH groups, generating water and
surface carbonates [575].



Contact sources, with C 1s peaks (284.8, 286.2 and 288.7 eV) resulting in CC, C-O and O=C-O bonding, respectively.

The absence of any nitrogen contamination equating to C-N bonding suggests
negligible TDMAT precursor decomposition and reaffirming the carbon arises from
atmospheric or contact sourced carbon impurities.
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From table 6.7, the PEALD grown Ga-capped Ti1-xO2:Gax (99:1) films on glass and
silicon and the thermal ALD grown Ti0.92Ga0.08O2 films are shown to possess
disparate O 1s, Ti 2p and C 1s_2 chemical environments.
Ga-capped Ti1-

Ga-capped Ti1-

xO2:Gax

xO2:Gax

(99:1)

(19:1)

Ti1-xO2:Gax
(99:1)

on glass

on silicon

Peak

Position (eV)

Position (eV)

Position (eV)

O 1s_1 (metal oxide)

530.0

529.8

530.5

O 1s_2 (organics,

530.8

530.6

531.5

O 1s_3 (organics, SiOx)

532.0

531.9

533.5

Ti 2p_1 (Ti4+ 2p3/2)

458.6

458.5

485.9

Ti 2p (Ti4+ 2p1/2)

464.3

464.3

464.6

C 1s_1 (C=C/C-C)

284.8

284.8

-

C 1s_2 (C-O)

286.2

286.2

286.5

C 1s_3 (O-C=O)

288.7

288.5

-

hydroxide)

Table 6.7: High resolution XPS peaks for the Ga-capped Ti0.93Ga0.07O2 film on glass
and silicon and the Ti0.99Ga0.01O2 film.
As shown in figures 6.32, 6.33 and 6.34, Ti 2p (458.9/464.6 eV), O 1s
(530.4/531.2/533 eV) and carbonate C 1s_2 (286.6 eV) peaks possess increased
binding energy (0.4/0.3 eV), (0.6/0.8/1.1 eV) and (0.4 eV), respectively. Ti-O
bonding therefore suggests decreased free electron density. This possibly results
from the formation of electron trapping Ti3+ sites (zero concentration of these sites
in PEALD grown Ti1-xO2:Gax (19:1)) and provides lower electron density for surface
ROS creation.
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Figure 6.32: O 1s peak shifts for the PEALD grown Ga-capped Ti1-xO2:Gax (99:1) films
on glass and silicon as compared to thermal ALD grown Ti1-xO2:Gax (99:1).

Figure 6.33: Ti4+ 2p3/2 and 1/2 peaks shifts for the PEALD grown Ga-capped Ti1-xO2:Gax
(99:1) films on glass and silicon as compared to thermal ALD grown Ti1-xO2:Gax
(99:1).
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Figure 6.34: C 1s_2 peak shifts for the PEALD grown Ga-capped Ti1-xO2:Gax (99:1)
films on glass and silicon as compared to thermal ALD grown Ti1-xO2:Gax (99:1).
Furthermore, SIMS was utilized to try to discern any compositional variations of the
Ga-capped Ti1-xO2:Gax (99:1) and (19:1). Figures 6.35 and 6.36 subsequently
determine titanium, gallium, aluminium and silicon presence in both the Ga-capped
Ti1-xO2:Gax (99:1) and (19:1) films.
As expected, greater gallium concentrations are detected in the (9:1) film as
compared to the (99:1) Ga-capped Ti1-xO2:Gax films. Both films show a slight gallium
decrease on depth profiling, in contrast to a titanium increase and correlate to
surface GaOx from the final ALD gallium pulse. Also as expected, the titanium
concentrations plateau on continued depth profiling, before gradually decreasing
(700 seconds) with majority Ga-capped Ti1-xO2:Gax removal. Gallium concentrations
also plateau, with a subsequent gradual decrease (1000 seconds). This suggests
either homogeneous Ga3+ diffusion throughout the Ga-capped Ti1-xO2:Gax film [605,
606] or aggressive sputtering from collisional cascading providing continuous
elemental detection [446, 447]. Correspondingly, the TEM results suggest
homogeneous Ga3+ diffusion, but as discussed, are rendered inconclusive from Ga3+
overexposure.
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Figure 6.35: SIMS of the Ga-doped Ti1-xO2:Gax (99:1).
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Figure 6.36: SIMS of the Ga-doped Ti1-xO2:Gax (19:1).
It is suggested that the sample cutting processes utilized generates minimal silicon
and aluminium surface contamination as detected in figures 6.35 and 6.36, with an
initial decreasing trend in concentration from surface regions. Furthermore, with
continued sputtering, both aluminium and silicon signals slowly increase and
plateau whilst the titanium signal decreases, suggesting a majority of Ga-capped
Ti1-xO2:Gax film is removed after 1250 seconds.
Comparatively, both Ga-capped Ti1-xO2:Gax films show a slight variation in average
silicon and aluminium concentrations at 1.0e2 (~450 and 620 seconds,
respectively). Therefore, some possible thickness variations are suggested, with
the Ga-capped Ti1-xO2:Gax (99:1) film being thinner. This is supported by the
reduced sputtering time required prior to an increase in silicon and aluminium
concentrations. In contrast, TEM measurements indicate the Ga-capped Ti1-xO2:Gax
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(99:1) film possesses greater thickness as compared to the Ga-capped Ti1-xO2:Gax
(9:1) film.
To summarize, compositional analysis of nominally undoped TiO2 and Ti1-xO2:Gax
typically indicate high purity with adventitious atmospherically or contact sourced
surface carbonates with negligible precursor surface decomposition. Additionally,
nominally undoped TiO2 and Ga-capped Ti1-xO2:Gax only showed Ti4+ concentration
presence and a 1:2 Ti:O ratio, suggesting fully oxidized films with negligible Ti 3+/VO..
defect generation.
Furthermore, gallium was detected throughout Ga-capped Ti1-xO2:Gax with SIMS
analysis suggesting homogeneous Ga3+ distribution and an expected order of
magnitude concentration difference between the (9:1) and the (99:1) Ga-capped
Ti1-xO2:Gax films. Additionally, surface XPS analysis suggests greater gallium
concentrations than expected for Ti0.93Ga0.07O2 (99:1), correlating to either 7 %
doping or 1.5/1.6 % of surface constitution. Therefore, assuming identical
syntheses, Ga-capped Ti1-xO2:Gax possess greater gallium surface concentrations
than expected, probably resulting from Ga3+ surface accumulation [180] via the
final “capping” TEGa pulse. Ga-capped Ti1-xO2:Gax photocatalytic activity with
respect to gallium addition is explored beneath.
6.4.1 Optical and Photocatalytic activity
Photocatalytic ink degradation was performed on pre-photocatalytically UV light
activated nominally undoped TiO2 and Ti1-xO2:Gax films on glass substrates. This
was accomplished to indicate the relative ttb of basic blue 66 ink, with both plain
glass substrate and Pilkington Activ™ as reference samples (figures 6.37 and 6.38).
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Figures 6.37 and 6.38: before and after 10 minutes of UV irradiation on a)
nominally undoped TiO2, and b) (99:1), c) (74:1), d) (49:1), e) (39:1), f) (32:1), g)
(19:1), h) (9:1) Ti1-xO2:Gax on glass substrate, and i) and j) plain glass substrate and
k) and l) Pilkington Activ™.
Figures 6.37 and 6.38, show no evidence of degradation after 10 minutes on the
UV-activated Ga-capped Ti1-xO2:Gax film. In contrast, nominally undoped TiO2 and
Pilkington Activ™ both generate basic blue 66 ink degradation (blue colouration
loss) and a ttb of 2-4 minutes under UV light irradiation. As expected, basic blue 66
ink is degraded with a ttb of 2-3 minutes under UV light irradiation by
photocatalytically active films such as Pilkington Activ™ [483].
Additionally, nominally undoped TiO2 indicates a similar ttb as Pilkington Activ™.
This suggests typical photocatalytic activity generation from excition charge pair
and subsequent hydroxyl radical creation [32], without generating any significant
Ti3+/VO.. surface defects, as indicated in XPS. Correspondingly, negligible activity for
the Ga-capped Ti1-xO2:Gax films subsequent to 10 minutes UV light irradiation,
probably results from surface GaOx.
Water contact angle analysis was subsequently performed on nominally undoped
TiO2 and Ga-capped Ti1-xO2:Gax films prior to irradiation, after four hours exposure
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and subsequent to a week in darkness following UV activation (figures 6.39 and
6.40).

Figure 6.39: Average water contact angles at initial (0 minutes), after UV light
exposure (60 minutes) and after darkness (10800 minutes) for nominally undoped
TiO2 and Ga-capped Ti1-xO2:Gax on silicon substrates pre-coated with Al2O3.

Figures 6.40: Average water contact angles at initial (0 minutes), after UV light
exposure (60 minutes) and after darkness (10800 minutes) for nominally undoped
TiO2 and Ga-capped Ti1-xO2:Gax on glass substrates pre coated with Al2O3.
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A significant variation between nominally undoped TiO2 and Ga-capped Ti1-xO2:Gax
films is detected, with nominally undoped TiO2 films presenting decreased contact
angle values on average (70/65 o, 52/55 o, 61/64 o silicon/glass). These decreased
contact angles indicate both greater wetting capability and potential photoactivity
compared to Ga-capped Ti1-xO2:Gax films (75-86 o, 67-83 o, 72-86 o silicon/glass). Gacapped Ti1-xO2:Gax films therefore exhibit decreased wetting capability, suggesting
diminished photocatalytic activity, both resulting from either an inability to
generate or minimal creation of ROS.
Several Ga-capped Ti1-xO2:Gax films ((74:1) on silicon, (49:1) on glass and both
(32:1)) indicate hydrophobic behaviour subsequent to UV activation which further
increases on darkness immersion. This is in contrast to the usual trends of
decreasing hydrophobicity with subsequent recovery to the pre-irradiated state
[620].
No discernible trend is detected between Ga-capped Ti1-xO2:Gax films containing
varied gallium concentrations with water contact angles ranging between 67 and
86 o after UV light irradiation. Additionally, nominally undoped TiO2 and Ti1-xO2:Gax
films on glass consistently show slightly increased hydrophilicity (1-5

o)

as

compared to those films on silicon, suggesting minimal growth effects from
differing substrates.
Interestingly, despite the GaOx surface cap on the Ti1-xO2:Gax film surface, some Gacapped Ti1-xO2:Gax films grown on silicon and the Ga-capped Ti1-xO2:Gax (19:1) film
grown on glass, actually indicate a hydrophilic increase outside of error upon UV
light irradiation. This potentially suggests that the GaOx surface cap does not
completely remove ROS presence as first thought, with some retention of latent
photocatalytic activity. Thus, Ga-capping of Ti1-xO2:Gax films is suggested to
deteriorate TiO2 photocatalytic activity and hydrophilic wetting capabilities.
In the following section, the study of the influence of gallium incorporation on the
TiO2 band gap is presented. Figure 6.41 shows TiO2 and Ga-capped Ti1-xO2:Gax film,
UV/visible light transmission spectra (200-800 nm) for a range of samples studied
and furthermore table 6.8 contains corresponding band gap calculations. Figure
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6.40 shows nominally undoped TiO2 and Ga-capped Ti1-xO2:Gax films initially
generate between 76-82 % transmission at 700 nm, gradually decreasing with to
54-59 % transmission at 390 nm. The rapid transmission decrease preceding 300
nm occurs on TiO2 bandgap UV light absorption with all films possessing decreased
transmission compared to glass substrates, as expected.

Figure 6.41: UV/Visible light transmission for nominally undoped TiO2 and Gacapped Ti1-xO2:Gax films compared to glass substrate.
No obvious correlation is observed between transmission and previously observed
crystalline morphology for the nominally undoped TiO2 and Ga-capped Ti1-xO2:Gax
films. However, the nominally undoped TiO2 film shows a significantly lower
transmission at higher wavelengths with respect to that observed for Ga-capped
Ti1-xO2:Gax films, suggesting surface GaOx presence slightly increases UV/visible
light wavelength transmission.
The spectra recorded were processed utilizing the Tauc approach as described in
Chapter 2 (figure 6.42) and band gaps were calculated (table 6.8) and compared to
the literature values [621].
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Figure 6.42: Tauc Plot of the nominally undoped TiO2 film and the Ga-capped Ti1xO2:Gax

(99:1), (74:1), (49:1), (39:1), (32:1), (19:1) and (9:1) films.
Direct (eV) band gap
TiO2

3.88

Ti1-xO2:Gax (99:1)

4.03

Ti1-xO2:Gax (74:1)

4.03

Ti1-xO2:Gax (49:1)

4.03

Ti1-xO2:Gax (39:1)

4.04

Ti1-xO2:Gax (32:1)

4.05

Ti1-xO2:Gax (19:1)

4.02

Ti1-xO2:Gax (9:1)

4.05

Table 6.8: Calculated direct band gap values for nominally undoped TiO2 and Gacapped Ti1-xO2:Gax (99:1), (74:1), (49:1), (39:1), (32:1), (19:1) and (9:1) films.
Gallium doping provides an increase in band gap (4.02-4.05 eV) as compared to
nominally undoped TiO2 (3.88 eV). Additionally greater band gap widths suggest
Burstein-Moss effects with 3.15-3.37 eV TiO2 and 4.9 eV Ga2O3 [175] band gap
mixing inducing population of TiO2 conduction band states or a combination of
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both morphology and Burstein-Moss effects. However, no clear trend in Ga-capped
Ti1-xO2:Gax band gap variation with increasing GaOx concentration is observed.
To summarize, Ga-capped Ti1-xO2:Gax films indicate no photocatalytic activity with
respect to basic blue 66 ink degradation under UV light, dissimilar to the nominally
undoped TiO2 film. However, despite the GaOx surface cap on the Ti1-xO2:Gax film
surface, some films suggest a hydrophilic increase and show ROS presence.
Additionally, the Ga-capped Ti1-xO2:Gax films show a blue shift in band gap variation
as compared to a nominally undoped TiO2 film possibly relating to Burstein-Moss
effects on GaOx incorporation. However, no discernible trend between varied
gallium concentrations and overall band gap size is detected.
6.4.2 Electrical conduction
Table 6.9 presents a summary of the electrical data for two different four point
probe set ups. It may be seen that all films are essentially resistive. In table 6.09,
the resistivity of the Ga-capped Ti1-xO2:Gax films grown on glass are all much higher
than the Ga-capped Ti1-xO2:Gax films grown on silicon substrates. However, only the
values recorded on the glass substrates are relevant due to potential influence of
the silicon substrate for the other measurements.
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Silicon

Silicon

Glass

Glass

substrate

substrate

substrate

substrate

Resistivity Conductivity Resistivity Conductivity

TiO2

(Ω.cm)

(Scm-1)

(Ω.cm)

(Scm-1)

3.75

0.267

2730

3x10-4

1.90

0.526
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3x10-3

2.69

0.372

3310

3x10-4

2.18

0.459

84

0.0119

11.6

0.0864

3840

2x10-4

10.9

0.0913

129

7x10-3

11.5

0.0871

43000

2x10-5

138

7x10-3

367000

2x10-6

Ga-capped Ti1xO2:Gax

(99:1)

Ga-capped Ti1xO2:Gax

(74:1)

Ga-capped Ti1xO2:Gax

(49:1)

Ga-capped Ti1xO2:Gax

(39:1)

Ga-capped Ti1xO2:Gax

(32:1)

Ga-capped Ti1xO2:Gax

(19:1)

Ga-capped Ti1xO2:Gax

(9:1)

Table 6.9: Cascade manual prober and HP1456 parameter analyser resistivity and
conductivity values.
6.5 Discussion
From these results, it may be observed that the thermal ALD grown Ti1-xO2:Gax films
and the PEALD grown Ga-capped Ti1-xO2:Gax films share similar morphology.
However, greater gallium nanolaminate concentrations decreasing anatase
crystallite formation, as shown in XRD and Raman spectroscopy results above. This
could occur either during synthesis through GaOx nanolaminates providing barrier
layers to larger crystallite growth or during annealing, with Ga3+ diffusion
preventing successful crystallite generation. Furthermore, the Ga-capped Ti1-
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xO2:Gax

films were grown above the TDMAT ALD precursor temperature window

[115, 622] to attempt anatase crystallinity formation, however, inadequately
polycrystalline anatase resulted.
Additionally, with a reduction in anatase crystallite formation, namely the most
photocatalytically active TiO2 polymorph [30], the photocatalytic activity of both
Ti1-xO2:Gax and Ga-capped Ti1-xO2:Gax films would be expected to decrease.
However, this expected trend of photocatalytic reduction is only observed within
thermal ALD grown Ti1-xO2:Gax films. Addition of the surface GaOx capping layer is
shown to completely remove any potential photocatalytic activity from the Gacapped Ti1-xO2:Gax films. Though interestingly the water contact angle still suggests
minimal surface ROS species formation under UV light for some Ga-capped Ti1xO2:Gax

films, with slight hydrophilic water droplet increases outside of error

detected.
Furthermore, it can be inferred from the results above that gallium doping also
provides a direct decrease in photocatalytic activity. The thermal ALD grown
Ti0.99Ga0.01O2 (99:1) film records a ttb of 4 hours 22 minutes for basic blue 66 ink, as
compared to 11 minutes 4 seconds for nominally undoped TiO 2. However, other
gallium-doped films present no photodegradation of basic blue 66 ink and
hydrophobic water contact angle retention under UV light irradiation. In particular
gallium doping decreases both the photocatalytic activity and hydrophilic wetting
observed. This corresponds with GaOx nanolaminates or diffused Ga3+, providing
deep hole dominated recombination centres for UV light excited excitons [177,
610], interrupting charge carrier surface diffusion and preventing surface ROS
creation [127, 418, 623]. However, surface synthesized GaOx on the PEALD grown
Ga-capped Ti1-xO2:Gax films could hinder surface ROS creation and also prevent the
accurate measurement of the photocatalytic and wetting properties by creating
unfavourable surface reactions [180].
AlOx particulate presence on the thermal ALD grown Ti0.92Ga0.08O2 surface could
also hinder surface wettability with Al2O3 incorporation suggesting previous
reduced photocatalytic activity and surface reactive oxide species generation [624].
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The differing synthesis techniques were also reflected through XPS analysis on both
sets of Ti1-xO2:Gax films with the thermal ALD grown Ti1-xO2:Gax films showing
presence of Ti3+ (12.7-13.1 %). This Ti3+ either naturally results during oxygen
deficient synthesis [150] or from charge compensation on Ga3+ “substitution” for
Ti4+ (GaTi’) [150]. In contrast, the PEALD grown Ga-capped Ti1-xO2:Gax films indicate
only Ti4+ presence, suggesting fully oxidative films after utilizing highly oxidizing
oxygen plasma, with possible bulk Ti3+ on gallium “substitution”. Ti3+ presence in
the thermal ALD grown Ti1-xO2:Gax films would be beneficial towards photocatalysis
[127, 625] and could also be the reason for the basic blue 66 ink photodegradation
observed.
Furthermore, Ti3+ typically provides mid-band gap states, favourably reducing the
overall band gap as observed for the thermal ALD grown Ti1-xO2:Gax films (2.76-2.90
eV). This contrasts with both the PEALD grown Ga-capped Ti1-xO2:Gax films (4.024.05 eV) and values in the literature (3-3.37 eV) [1]. However, Ga-capped Ti1xO2:Gax

films are also effected by Burstein-Moss effects with possible surface GaOx

formation, blue shifting band gap size. Additionally, the significantly amorphous Ti1xO2:Gax

film morphology would also increase band gap size, decreasing potential

wavelength absorption.
6.6 Conclusions
In conclusion, annealed nominally undoped TiO2 and Ti1-xO2:Gax (19:1 and 99:1)
films were successfully grown onto quartz substrates by thermal ALD. Additionally,
nominally undoped TiO2 and a range of Ga-capped Ti1-xO2:Gax films were also
successfully grown onto and glass substrates by PEALD. The influence of gallium
doping concentration and specifically the presence of a capping gallium monolayer
on the photocatalytic, structural, optical and electrical characteristics was
investigated. Gallium doping was indicated to greatly decrease the photocatalytic
activity of TiO2 films with respect to basic blue 66 ink photodegradation under UV
irradiation. A ttb of 4 hours 22 minutes for Ti0.99Ga0.01O2 was reported, as compared
to 11 minutes 4 seconds ± 35 seconds for nominally undoped TiO2. Heavier doped
Ti0.92Ga0.08O2 films subsequently reported no basic blue 66 ink degradation.
Additionally, water contact angle analysis also provided limited hydrophilic change
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for both annealed Ti1-xO2:Gax films under UV light irradiation. This decrease in
photocatalytic activity and wetting effects possibly results from gallium ions acting
as exciton recombination centres and the subsequent loss of surface ROS sites.
In comparison, Ga-capped Ti1-xO2:Gax films suggested a complete destruction of
photocatalytic

activity

irrespective

of

gallium

concentration,

reinforcing

photocatalysis as a surface driven effect. However, the lack of Ti3+ detection from
the highly oxidative synthesis environment may also contribute. Surprisingly,
minimal hydrophilic increase was observed for water droplets on Ga-capped Ti1xO2:Gax

surfaces under UV light irradiation. This suggests a single gallium ALD

precursor pulse, equating to just under a monolayer of GaOx material, is not
enough to completely remove all titanium dioxide based surface ROS sites.
Furthermore, gallium doping for both sets of film showed decreasing anatase
crystalline morphology for increasing gallium concentrations also reducing the
potential photocatalytic activity of films.
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Conclusions and Further Research

This research set out to study differences in photocatalytic, structural, optical and
electrical properties of Ti1-xO2:Mx films synthesized with a variety of dopants.
Additionally, the examination of the photocatalytic activity of both standard
Pilkington ActivTM samples and the synthesized Ti1-xO2:Mx (19:1) films, after routine
Irish hospital cleaning agent application was a priority, as was the study of
antimicrobial properties of sufficiently photocatalytic films.
Initially, Pilkington ActivTM surfaces individually treated with a range of common
Irish hospital cleaning agents (Actichlor PlusTM, ChloraprepTM, StericleanTM and
VirusolveTM) showed a permanent decrease in photocatalytic activity. This
photocatalytic activity decrease was in respect to resazurin ink and basic blue 66
ink photodegradation, as well as increased water contact angle hydrophobicity
under UV irradiation. Typically, photocatalytic activity decrease resulted from
cleaning agent residues, specifically from Actichlor PlusTM or ChloraprepTM.
However, the photocatalytic activity decrease was not incremental following
multiple treatments for the non-residue creating cleaning agents (StericleanTM and
Virusolve+TM). This suggested that the development of cleaning agents of this
nature would be beneficial towards utilizing photocatalytic TiO2 films in
environments subject to rigorous cleaning regimes.
Considering the above study, a range of nominally undoped TiO 2 and annealed Ti1xO2:Mx

films synthesized through thermal ALD on quartz substrates showed

disparate photocatalytic activities dependent on crystalline morphology, Ti3+
concentration and dopant utilized. An annealed nominally undoped TiO 2 film
synthesized by thermal ALD was predominately amorphous, containing around 20
% Ti3+ concentrations, and provided a time to bleach of 11 minutes 4 seconds ±35
seconds with respect to basic blue 66 ink. In comparison, the highly anatase
polycrystalline CVD-grown Pilkington ActivTM samples yield a time to bleach of 2
minutes 7 seconds ±19 seconds. This suggested that whilst ALD can produce
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nominally undoped TiO2 films possessing photocatalytic activity, the films are less
active than Pilkington ActivTM.
The Ti1-xO2:Mx films separately incorporated aluminium, gallium, hafnium, silver, tin
and vanadium as nanolaminate dopants, resulting in varying degrees of crystallinity
and Ti3+ concentrations. Among these doped films, only the Ti1-xO2:Ag (19:1) and
Ti1-xO2:Sn (19:1) films showed any photocatalytic improvement as compared to the
nominally undoped TiO2 film. Resulting in basic blue 66 ink time to bleach values of
6 minutes 4 seconds for Ti1-xO2:Agx (19:1) and 6 minutes 42 seconds for Ti1-xO2:Snx
(19:1), nearly halving the time to bleach observed for the nominally undoped TiO2
films. This reduced time to bleach is suggested to originate from higher bulk Ti3+
concentrations for the annealed Ti1-xO2:Agx and Ti1-xO2:Snx (19:1) films (52 and 31
%), respectively. However, in the case of Ti1-xO2:Snx (19:1), Sn4+ could also provide
an electron sink, with both Ti3+ and Sn4+ resulting in greater reactive oxide species
concentrations.
Interestingly, although silver could not be detected in the Ti 1-xO2:Agx (19:1) films
using XPS, along with Ti1-xO2:Snx (19:1), it produced the most photocatalytic active
ALD-grown films. The Ti1-xO2:Snx (19:1) film was used for further photocatalytic
analysis, which revealed a shorter average time to bleach for the Ti1-xO2:Snx (19:1)
films of 5 minutes 12 seconds ± 1 minute 13 seconds. After treatment with
ChloraprepTM and Virusolve+TM, the photocatalytic activity of this sample again
decreased with respect to resazurin ink photodegradation. However, as with
Pilkington ActivTM treated surfaces, the photocatalytic activity decrease was not
incremental, suggesting permanent damage, but not complete destruction of the
photocatalytic activity within the first two cleaning agent treatments.
Unfortunately, further microbiological exposure of both Pilkington Activ TM and Ti1xO2:Snx

(19:1) films were inconclusive with a complex interplay between bacterial

attachment and antimicrobial activity suggested in the terms of the key
parameters.
Conclusively, it can be inferred from this study that ALD is suitable for growing UV
light active Ti1-xO2:Mx films with respect to photocatalytic ink degradation.
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However, such films would ideally require sustainable visible light activity to be
useable within indoor environments. In addition, as also observed from this study,
the photocatalytic activity needs to withstand repeat cleaning agent application to
produce an ideal sterile environment. Therefore, further research is required in
terms of synthesizing an increasingly resilient and ideally also visible light active
TiO2 films, or the synthesis of cleaning agents which do not impair the
photocatalytic activity of the films.
From the above conclusions gathered, further research should focus on:


Using FTIR analysis of cleaning agent exposed surfaces to reinforce the XPS
results and identify the molecular nature of Ti-impurity or Ti-O-impurity
bonding.



Testing of Pilkington ActivTM or synthesized (undoped/doped) TiO2 in
hospital environments.



Utilizing atomic force microscopy (AFM) to establish whether or not any
TiO2 surface physical abrasion occurred during cleaning agent exposure,
resulting in decreased photocatalytic activity.



Improving both nominally undoped TiO2 and Ti1-xO2:Mx film morphology
through annealing studies.



Repeat the Ti1-xO2:Agx film synthesis, including a growth study to detect how
silver precursor exposure effects TiO2 film growth and silver incorporation
through solid solubility.



Exploring variable dopant amounts, combinations and subsequent
annealing

processes

to

synthesize

Ti1-xO2:Snx

films

with

greater

photocatalytic activity.


Further microbiological experimentation to determine if Pilkington ActivTM
and

Ti1-xO2:Mx

(19:1)

film

activation

generates

E.coli

colony

photosterilization.


The development and subsequent analysis of visible light photocatalytically
activated TiO2 films with microbiological properties.
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Appendix A
b)

a)

Figure 1: XRD of a) the as-grown doped TiO2 (19:1) films and b) the as-grown
nominally undoped TiO2 and doped TiO2 (99:1) films.
a)

b)

Figure 2: XRD of a) the annealed doped TiO2 (99:1) films and b) the annealed Ti1xO2:Alx

(99:1) and Ti1-xO2:Snx (99:1) films.
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Figure 3: Raman spectra of the annealed nominally undoped TiO2 film and the
annealed Ti1-xO2:Alx (99:1), Ti1-xO2:Agx (99:1 and 19:1), Ti1-xO2:Hfx (99:1 and 19:1)
and Ti1-xO2:Snx (19:1) films.

Figure 4: Raman spectra of the as-grown nominally undoped TiO2 film and the asgrown Ti1-xO2:Agx (99:1 and 19:1) and Ti1-xO2:Vx (99:1 and 19:1) films.
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Figure 5: Raman spectra of the as-grown Ti1-xO2:Snx (99:1 and 19:1), Ti1-xO2:Hfx (99:1
and 19:1) and Ti1-xO2:Alx (99:1 and 19:1) films.

Figure 6: Example smooth surface SEM of the as-grown doped TiO2 films.
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Figure 7: XRD of 20-30 o 2θ spectra of the Ga-capped Ti1-xO2:Gax films on silicon
substrates, indicating 25.3 o 2θ peak corresponding to an anatase (101) miller plane
for Ga-capped Ti1-xO2:Gax (99:1, 74:1, 49:1 and 39:1) films.

Figure 8: XRD of 10-30 o 2θ spectra of the Ga-capped Ti1-xO2:Gax films on glass
substrates, indicating 25.3 o 2θ peak corresponding to an anatase (101) miller plane
for Ga-capped Ti1-xO2:Gax (99:1 and 74:1) samples.
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a)

b)

c)

d)

e)

Figure 9: Surface SEM of Ga-capped Ti1-xO2:Gax a) (74:1), b) (49:1), c) (39:1), d)
(32:1) and e) (19:1) on silicon substrates.
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a)

b)

c)

d)

e)

Figure 10: Surface SEM of Ga-capped Ti1-xO2:Gax a) (74:1), b) (49:1), c) (39:1), d)
(32:1) and e) (19:1) on glass substrates.
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a)

b)

c)
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d)

e)

Figure 11: Surface EDX of Ga-capped Ti1-xO2:Gax a) (74:1), b) (49:1), c) (39:1), d)
(32:1), e) (19:1) on silicon substrates.
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a)

b)

c)

d)
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d)

e)

Figure 12: Surface EDX of Ga-capped Ti1-xO2:Gax a) (74:1), b) (49:1), c) (39:1), d)
(32:1), e) (19:1) on glass substrates.
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a)

b)

d)

c)

e)

f)

Figure 13: TEM of Ga-capped Ti1-xO2:Gax a) (99:1), b) (74:1), c) (39:1), d) (32:1), e)
(19:1) and f) (9:1) on silicon substrates.
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a)

b)

c)

d)

e)
f)

Figure 14: TEM of the Ga-capped Ti1-xO2:Gax a) (99:1), b) (74:1), c) (49:1), d) (39:1),
e) (32:1), f) (9:1) films.
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