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Abstract

Titanium dioxide thin films were deposited by the reactive ion-assisted sputtering method from
titanium targets at various partial pressures and deposition parameters. The films were deposited
onto substrates at temperatures ranging from room-temperature conditions to 722 K. A selection of
thin films was post-deposited annealed at temperatures up to 972 K for 10 minutes and
characterized by micro-Raman spectroscopy and scanning electron microscopy (SEM) and
subsequently analysed to assess their photocatalytic activity. Micro-Raman characterization
revealed that the as-deposited films had either predominant amorphous, rutile-like structures,
anatase-like structures or anatase-rutile mixed structures. The thin films deposited with a high
substrate temperature and with energy assistance from the ion source tended to be amorphous,
while films deposited on a hot substrate without ion energy assistance tended to have a mixed
crystalline phase. On subsequent annealing the amorphous films changed to a rutile structure at
temperatures above 672 K, while mixed anatase-rutile films changed to predominant rutile
structures only after thermal treatments above 872 K. Thus, this study has revealed an astonishing
persistence of the anatase-rutile mixed phase at very high temperatures and showed the possible
existence of a key transition temperature at 672 K, where it was possible to see a transformation
from amorphous or mixed phase to a rutile or dominant rutile mixed phase. Photocatalytic tests
were undertaken by using a novel method consisting of observing the degradation of a film of
stearic acid by the thin films under artificial UV radiation. Of the films investigated those with
anatase-rutile mixed phases showed the greatest photoactivity. This work was essential in the
understanding of the correlation between growth deposition conditions, phase transitions and
photocatalytic activity. This set of experiments demonstrated that titania made under a highly
oxidizing atmosphere, with no temperature applied on the substrate during fabrication and using an
ion sputtering method, is a useful and valuable novel method for creating active TiOz thin films.

1. Introduction

There is an increasing interest in extending functional film properties. With properties such as high
refractive index, wide band gap and chemical stability, TiO> can be used in a large range of
applications [1-3]. Furthermore, TiO. can be deposited on a variety of substrates, such as glass
slides, silica glass, silver, porcelain bricks, metal panels, etc. The resulting coatings possess great
potential for various industrial applications, including photocatalytic surfaces [4-5].

As one of the most important wide-band-gap (Energy >3 eV) oxides, titania has been extensively
academically studied and technologically researched for decades. The electrochemical properties
of titanium dioxide are applied to photovoltaic solar cells and gas sensors. Because of its high
dielectric constant, hardness, and transparency, TiO2 thin films are usable for storage capacitors in
integrated electronics, protective coatings, and optical components [6-7].

Numerous key applications of titania are strongly related to the structure and optical properties of
TiO». TiO2 is known to have different crystalline forms; anatase, rutile and brookite. Films having
dense structure are usually used for solar cell applications while porous films are used for gas
sensors. The rutile phase is known to be the most thermodynamically stable phase and has a high



refractive index which makes it the most appropriate for protective coatings [8]. The anatase phase
is more reactive with ultraviolet light; therefore, it is used for photocatalysis [9-12]. Amorphous,
TiO> films are used in biomedical fields by reason of its blood compatibility [13].

TiO> thin films and indeed powders have been and are fabricated by different methods for
numerous applications [14-29]. It is well known that TiO, can exist in a number of crystalline
forms with differing physical properties and that the choice of the deposition process has a
significant impact on the structure of the film. Generally, TiO; films change from amorphous to
anatase and then rutile depending on the temperature of calcination. Indeed reports suggest that the
structural and optical properties are strongly related to the temperature of calcination[14]. lon-
assisted deposition of materials can produce coatings with improved properties since the ion-
assistance can provide incident atoms with additional energy. This added energy can modify the
nucleation process, improve film adhesion, increase film density, stimulate mixing of alloy
materials to form metastable compounds, trigger phase changes, influence film stress and change
film microstructure [15-30]. All these factors can be utilized to modify the optical and physical
properties of a coating [15].

In the fabrication of visible light responsive thin films, for example, by sintering and impregnation
with solutions of modifiers SEM images showed the formation of compact layers of titanium
dioxide with particles of diameter within 15-30 nm. The photocatalytic activity of these
synthesized films was demonstrated in the reaction of terephthalic acid oxidation to 2-
hydroxyterephthalic acid, proving photogeneration of hydroxyl radicals upon visible light
irradiation (A > 400 nm). In our work films of titania are produced by magnetron sputtering
followed by activation optimisation by thermal treatment and photoreactivity with thin coatings of
deposited stearic acid. Other work in our group produced titanium dioxide coatings with silver
nanoparticles prepared by sol-gel and reactive magnetron sputtering methods with photoactivity
being monitored through the decomposition of bisphenol-A [24].

The anti-microbial photoactivity of nano-anatase particles has been thoroughly investigated in both
sol-gel and polymeric films [25]. Particle size and layer thickness were crucial parameters. In our
recent work [26] and others [29] photoactivity studies on polymorphs of titanium dioxide show
mixed phases with brookite having the highest activity. Thermal pre-treatment with temperature
playing a critical role. Fe loading in the TiO: lattice as another example, with Fe2O3/TiO2 has been
found to be 0.27% at a calcination temperature of 600°C, and irradiation time of 600 min. Here
photoactivity was found to be 98.26% of phenol in water undergoing decomposition [27]. Silver
doped titania films have also been prepared by magnetron sputtering for antimicrobial activity [28]
while in another pressure conditions are important as well as film thickness for the decomposition
of methylene blue dye [30]. In this work although many conditions are important we have
concentrated here on post heating effects of the substrate on photoactivity.

In this work a broad investigation of the various parameters and properties of titania thin films
made by ion-assisted deposition was undertaken. Films were deposited under different conditions
and then post-deposition annealed over a range of temperatures to investigate the recrystallisation
of the TiO; films. The annealing conditions and parameters of deposition were interrelated to the
structure and morphology, and the optical properties to the photocatalytic activity. The first aim of



this study was to optimize the photoactivity through control of the crystalline structure followed by
photoactivity through the decomposition rate of a thin applied coating of stearic acid.

2. Experimental

2.1. Thin film deposition parameters

Thin titania (TiO2) samples were deposited at various partial pressures and deposition
parameters onto silicon (Si) wafers from a titanium target by ion-assisted deposition (IAD). This
technique was chosen because it allows close control over the substrate temperature and the energy
delivered to the growing film by the ion source. It was hoped that this would allow
coatings with pure anatase, rutile and mixes phase structures to be produced, which could then be
characterized in terms of their photoactivity. The thin films were deposited onto substrates with
temperatures ranging from 350 to 720 K, as detailed in Table 1. A schematic of the IAD process is
given in Figure 1.

Table 1. Thin film Processing conditions for the deposition of titania samples by ion beam sputtering

Ar Partial O Partial T (K) of the substrate | Deposition time Film
Sample Substrate
Pressure(Pa) Pressure(Pa) holder (Hrs) Thickness(pum)
1 Si 2.0x10°2 0.5x107 722 3 1.3
2 Si 2.13x10? 0.37x10%? 722 3 1.3
3 Si 3.0x102 0.5x102 722 3 1.3
4 Si 4.0x1072 0.5x107 350 3 2.2
5 Si 4.0x1072 0.5x107 722 3 1.3
*6 Si 1.5x107 1.0x107 350 3 1.3
7 Si 1.2x107 1.3x107? 298 3 0.3

*Sample 6 — O ion assist conditions: extra energy added by the use of a second ion gun
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Figure 1. lon beam IAD system [22]

All the samples were produced by using the main ion gun (Ar) in an oxygen atmosphere. The Ar
ion source was used to sputter atoms from an ultra-pure titanium target onto a silicon substrate in
an oxygen atmosphere. The atom arrival rate at this substrate was controlled by increasing or
decreasing the vertical ion beam current source. Before introducing oxygen into the chamber, a
thin 2nm titanium interlayer was deposited onto the silicon substrate. The sputtering pressure was
varied in order to assess the effects of a variation of the argon:oxygen flow rate. However, a low
flow rate of oxygen has been found to help maintain coating stoichiometry in previous
experiments[16] . Only sample 6 was produced with the second assist ion gun (O2) also in use.
The substrate temperature could be independently controlled [2, 17-18]. In order to observe the
change in structures and all kinds of phase transformation, the samples were post deposition
annealed at temperatures up to 972 K for 10 minutes.

2.2. Material characterization

The TiO, samples were examined by micro Raman spectroscopy using an Invia-Microscope from
Renishaw. Spectra were taken at 5-6 places and the results were averaged. The spectra were

acquired at room temperature with a 514 nm exciting laser. Examples of the spectra obtained are
shown in Fig. 2 (ato f).
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Figure 1. Raman spectra of titania coatings deposited at different temperatures and conditions as stated in table 1: a)
Sample 6, b) Sample 1, c) Sample 2, d) Sample 3, €) Sample 4, f) Sample 5, g) Sample 7.

The coated substrates were fractured and mounted on Scanning electron microscope (SEM) pin
stubs, such that the fracture sections of the coatings could be examined. SEM images of the
fracture sections were acquired at room temperature with a Zeiss supra 40 system. The images
were made at short working distances (5 to 10 mm) with a small spot size (1.2 nm) in order to
obtain a better resolution. The SEM was adjusted so as to minimize the beam penetration, which
can increase resolution and surface information. SEM images were taken with a standard aperture
(30 um) so that it’s possible to have a good depth of the field and a good resolution (figure 3 for
sample 2 is shown as typical example)
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Figure 2. Typical SEM micrograph of the samples as-deposited without heat treatments for sample 2 c.

2.3. Photocatalytic test

The level of photocatalytic activity of each film was assessed by observing the degradation of
stearic acid exposed to ultra-violet light according to the following method. The sample was first
placed in a light box and exposed to 340 nm UV radiation with an intensity of 0.7 W/m? for four
hours. The sample was then removed and a layer of 10 ul of 10 mmol stearic acid solution in
methanol was applied. After that the sample was allowed to dry on top of an oven at 377 K in
order to evaporate any residual methanol.

The IR absorption spectrum of the sample was the recorded using a Nicolet Nexus Fourier-
transform infrared (FTIR) Spectrometer (DTGS detector). Spectra were recorded at 32 scans with
a resolution of 2cm™. In order to show the distinctive peaks assigned to the stearic acid (between
2800 and 3050 cm™), the background was subtracted by analyzing an uncoated stearic acid sample
which had been irradiated for the same length of exposure. The measurements were repeated, in
order to ensure the methanol was fully evaporated and that the stearic acid was fully crystallized.

9



The samples were periodically removed from the light box at t= 0, 1h30, 3h30, 7h30 and the IR
absorptions were measured. A new background was recorded for each sample and for the same
exposure time. Typical examples of the results are shown in Figure 4 (a to e).
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Figure 3. Photocatalytic assessment of the sample 7 showing reduction in stearic IR bands at a) As-deposited, b)
572K, ¢) 672K, d) 872K and e) 972K

3. Results and discussion

3.1. Raman analysis

Examples of the Raman spectra obtained for the TiO. films are shown in Fig. 2 (a to f) and for
convenience the main Raman vibration modes for three titania crystalline phases, taken from
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published sources, are summarized in Table 2. All these samples were annealed at temperatures up
to 972 K. The annealing conditions, temperature of the substrate holder and the flow rate were
modified to change and improve the structure and morphology.

Table 1. Raman peak position/cm-1 for bulk titania phases [19-21].

Brookite Anatase Rutile
128(s)
135(w) 143(w) Bygq
144(vs) Eq
153(vs)
172(sh)
197(w) Eq
214(w)
235(m) ¢
247(m)
273(sh)
288(w)
320(vs) ¢ 320(w)
322(w)
357(w)
366(w)
396(sh)
399(s) Byg
412(w)
447(s) Eg
454(w)
461(w)
502(w)
515(m) Alg
519(m) Byg
545(w)
585(w)
612(s) Agg
636(s) 639(m) Eq
695(w) Big
826(w)Bzg
950(sh)
Vs, very strong; s, strong; m, medium; w, weak; sh,
shoulder band; ¢, combination.

Samples 1, 2 and 3 were deposited under various Ar and O partial pressures but with Ar being
the predominant process gas. These samples had the same temperature applied on the substrate
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(722 K). The samples had mixed crystalline phases of anatase and rutile transforming to a rutile-
like structure after annealing at 872 K (see figures 2a to c). Samples 4 and 5 were fabricated with
the same gas partial pressures; however, the temperature of the substrates during deposition were
different. Sample 4 was deposited on a substrate heated at 350 K. This sample (Fig.2e) showed an
unusual micro-Raman spectrum which cannot be correlated to any known spectra. The phase
remained the same after thermal treatment up to 672 K, while, above 672 K the phase-structure
modified and changed to a rutile-like structure which persisted up to 972 K.

Sample 5 was generated on a substrate heated at 722 K. The micro-Raman spectra showed a mixed
anatase-rutile phase changing to an unknown phase at 672 K, as observed in sample 5. The
structure then changed to rutile-like for annealing temperatures above 672 K. This temperature of
treatment appeared to be a crucial temperature in terms of phase determination.

Sample 6 (Fig.2a) was made using a second ion-assist gun bombarding the film with oxygen ions.
This added energy was expected to modify the nucleation and growth processes. After analysis, the
micro-Raman spectra showed only one peak characteristic of rutile. Although the thin films were
annealed, no changes in the phase structure were noticeable. This unusual spectrum cannot be
explained at this point.

Sample 7 was the most intriguing sample. This sample had an anatase-rutile structure with a
dominance in anatase. The conditions of preparation were unique, with an overall pressure of
2.5x10? Pa and a very high oxidizing atmosphere with an oxygen partial pressure of 1.3x107? Pa.
The substrate was not heated and deposition time was 3 hours. In order to assess the phases
present, an annealing process was undertaken, which revealed the persistence of this initial as-
deposited anatase-rutile like structure up to 972K.

3.2. SEM characterization

All SEM micrographs (see Figure 3 showing sample 2 only as an example) were taken of the as-
deposited coatings. Sample 6 was observed to be the most dense due to the extra energy added by
the use of a second ion gun. Samples 1, 2 and 3 were similar and had columnar structures with a
nano-crystallite feature, the substrate heated at 722 K helped in the growth structure and the
thicknesses of both samples were about ~1.3 um. Sample 4 showed some columnar structure,
nano-crystallite growth and was the thickest of the films ~ 2.2 um. Sample 5 seemed to be formed
of interlayers and looked very compact; the thickness was about 1.3 pum. These sample growths
were optimized, using different methods; from increasing the temperature of the substrate holder to
improving the micro-adhesion to adding extra energy to improve the microstructure and film
density.

Finally, sample 7, which was the sample having an anatase/rutile structure remaining unchanged
after high thermal treatment, showed a columnar structure with nano-crystallite features. However,
the main differences with the other samples came from the thickness and the surface information;
due to a high oxidizing atmosphere the sputtering process could not be as efficient as found with
the other samples and the absence of applied temperature on the substrate during the fabrication
limited the micro-adhesion on the substrate. This sample was found to be very thin, ~0.3 um, and
may be due to oxygen poisoning of the titanium target and covering it with a layer of titania, as

16



titania sputters at a much lower rate than titanium itself. In the overall picture the structures are
broadly similar with 7 being more columnar than the rest of the samples.

3.3. Photocatalytic assessment

Photocatalytic investigations revealed sample 7 to be the uniquely active sample. From Fig.4
showing the IR spectra, sample 7, annealed at 572 K was the most active considering the limited
activity of the other samples after a certain exposure time. Fig.5 shows the normalized stearic acid
concentration (%) as a function of irradiation time and were obtained by normalising the peak
heights in the spectra shown to the zero hour peak. It highlights the activity of the sample annealed
at 572 K and reveals an unexpected activity of the sample annealed at 872 K, which also has an
anatase-rutile mixed phase structure. All samples annealed at various temperatures are highly
active except for the sample investigated as-prepared, which reduces the stearic acid less although
it is still active. The initial decay profiles illustrated in figure 5 were fitted to 1% order kinetics, and
the 1% order rate constants are given in Table 3. These results were in accordance with the initial
statement that sample 7 annealed at 572 K was the most active.

17



Stearic acid normalised concentration / %

Figure 4. Reduction of absorption at 472 nm for the sample 7 coating with layers of stearic acid.
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Table 2. Rate constant k (s*) of Photocatalytic degradation under UV irradiation of stearic acid by titania coatings
deposited by IAD

Sample

As-deposited

Annealed at 572 K

Annealed at 672 K

Annealed at 872 K

Annealed at 972 K

Rate constant k (s™)

1.04 x 10°

8.03x 10°

2.8x10°

4.22 x 10°

3.4x10°
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4. Conclusions

This study aimed to shed light on parameters influencing the fabrication of photoactive titania thin
films made by an ion sputtering process. Different parameters were taken into account; for instance
the argon partial pressure, the oxygen partial pressure, the temperature applied on the substrate
during fabrication and addition of extra energy. SEM characterization helped in the assessment of
the effect of substrate temperature on the sample and in the assessment of the effect of extra energy
added. The samples became thicker and denser with a well-defined columnar structure.

Raman analysis consisted of a quick assessment of the phase in the presence after fabrication and
after thermal treatment. It revealed an astonishing persistence of the anatase-rutile mixed phase at
very high temperature and showed the possible existence of a key temperature at 672 K as, from
amorphous or mixed phase, it was possible to see a transformation to a rutile or dominant rutile
mixed phase. Investigated anatase-rutile mixed phases (sample 7) showed the best photoactivity.
Despite all the used conditions the process failed to create a pure stable anatase phase during the
experiments, however, a mixed phase of anatase-rutile with a dominant anatase phase structure
was produced and showed persistence after thermal treatment. This set of experiments exposed the
facts that titania made under a highly oxidized atmosphere, with no additional heating applied to
the substrate during fabrication, using an ion sputtering method, was a useful and valuable method
for creating active TiO> thin films (~0.3 pm as-deposited) and with a stable phase structure
persisting after thermal treatments up to 972 K. This work like many others such as Fe doping [28]
indicate temperature, heating time and phase changes to be critical in controlling photoactivity [17-
29].
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