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Titanium dioxide and zinc oxide are widely studied semiconductor materials with various
useful properties and several applications. They both are photoactive, photocatalytically
active, and antibacterial. Hence they can be used in self-cleaning surfaces, water and air
purification, and bactericidal coatings against microbes. Atomic layer deposition (ALD) is a
surface controlled gas phase chemical process. High quality nanometer films can be created

since ALD provides pin-hole free conformal films with accurate thickness control.

The crystal structure and its modification by doping of TiO, and ZnO thin films have been
studied in order to find out their effect on photoactivity, photocatalytic properties, and
bioactivity. Atomic layer deposition was used to deposit titanium and zinc oxide thin films on
glass and silicon substrates at various temperatures. Films with various film thicknesses were
grown to investigate the changes in the polycrystalline structure. The effect of majority carrier
polarity was examined in order to understand the photoactivity and photocatalytic nature of
TiO,. Zinc dissolution tests were performed in order to understand the mechanism in
antibacterial effect. In addition the buffering effect of aluminum oxide on zinc release has

been measured.



In TiO, studies the best photoactivity and photocatalytic activity was found at a 15 nm
thickness where the anatase film contained a small fraction of rutile crystallites. The film
thickness was found to be significant only because it had an effect on the anatase/rutile ratio.
Based on the majority carrier polarity measurements the anatase or anatase-dominant films
were found to be p-type whereas the rutile films were n-type. It was proposed that the
superior photocatalytic property of anatase dominant films were due to the formation of p-n
junctions in the TiO, which causes carrier separation and hence a reduction in recombination.
Nitrogen doping was found to reduce the photoactivity especially in rutile dominant films.
However the doping improved the photocatalytic activity significantly. The film resistivity
measurements demonstrated that the doped TiO, series had higher conductivity than the

undoped TiO; films.

Zinc release was found to take place from ALD grown ZnO films in deionized water and in
phosphate buffered saline solution. ZnO films were found to be highly antibacterial in dark
conditions needing no photoirradiation. It was suggested that the most important cause of the
antibacterial effect is the influence of Zn>" -ions. ALD grown ALO; film has proven to be an
efficient buffer layer for zinc dissolution. The thickness of the Al,O3 layer can determine the
onset of the bactericidal activity. These results also indicate that a multilayer nanolaminate
structure of alternating ZnO and Al,O; films could be used to tailor a complex sequence of

high and low antibacterial activity which would be useful in medical applications

Keywords: titanium dioxide, =zinc oxide, atomic layer deposition, photoactivity,

photocatalytic activity, bioactivity
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1. Introduction

Due to their multiple applications and variety of properties titanium and zinc oxide have been
among the most scrutinized materials. Metal oxides have been manufactured and investigated
widely by atomic layer deposition (ALD). Accordingly, the number of studies of ALD grown
titanium dioxide (TiO,) and zinc oxide (ZnO) have been increasing during the last decade.
High quality nanometer films can be created since ALD provides pin-hole free films with

accurate thickness control and conformality.

TiO; has been especially popular due to its photoactivity and photocatalytic activity. Most of
the studies have been carried out with various particles but investigation of films has been
rising rapidly. The comparison between the research results has been difficult due to the
multiple production methods which provide materials with variable quality. The most
common requirements for the high performance of a photocatalytic TiO, material have been
claimed to be high surface area or adequate film thickness without mentioning the quality of
the material. Despite the fact that TiO, has several polymorphs and multiple crystal
orientations it has been often discussed as one similar material. Nevertheless some
investigations have generated valuable knowledge on the atomic and crystalline structure of
TiO,. Surface properties and functions of the TiO, polymorph rutile and recently also anatase
have been modeled. This has provided important information in understanding photoactivity

and photocatalytic activity in various environments.

ZnO has been long known for its bactericidal effect. Alike with TiO, much of the research has
been performed with particles or powder ZnO but lately numerous studies have been
performed on films. The mechanism for antibacterial behavior is still unknown and several
theories have been proposed. The emergence of nanotechnology has brought new aspects to
the research studies since nanomaterial has been discovered to behave differently from bulk
ZnO. Subsequently surface and crystal structure of ZnO and their effect on the antibacterial

properties needs more understanding.

The aim of this work has been to create various TiO, and ZnO thin films with ALD processes
in order to understand the effect of film structure in photoactivity, photocatalytic activity, and

bioactivity. The effect of film thickness in the growth of TiO, and ZnO films has been
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scrutinized. The anatase-rutile ratio in TiO, and its effect in photoactivity and photocatalytic
properties has been investigated. The influence of majority carrier polarity has been
examined in order to understand the photoactivity and photocatalytic nature of TiO,. The
nitrogen doping effect on the structure and properties of TiO, has been investigated. ZnO
films have been applied in dissolution examinations in order to understand the zinc release
from the films. Additionally ZnO has been coated with various thicknesses of ALD grown
aluminum oxide. The buffering effect of aluminum oxide in zinc release has been measured.

Finally antibacterial studies were performed with ZnO films.

1.1 Titanium Dioxide

Titanium dioxide is an extensively investigated material due to its vast variety of practical
features. TiO, possesses good chemical and physical stability and it is insoluble in water,
hydrochloric, nitric, and diluted sulfuric acid. It dissolves slowly in hydrofluoric acid and hot
concentrated sulfuric acid [1]. Due to its inertness and high refractive index it is the most
widely used pigment to give whiteness and opacity for paints, pastes, coatings, cosmetics,
food, and medicine. In addition TiO, is a semiconductor possessing high dielectric constant
and good transmission in the visible range which is why it can be used in multiple optical and
sensing applications. The most common polymorphs of TiO, are rutile and anatase. The band
gaps of rutile and anatase are 3.0 eV and 3.2 eV, respectively. Titanium dioxide is also
photocatalytic. This property was realized already in 1930s but only a few research articles
were produced during the next three decades [2-6]. In paints the phenomenon was recognized
as a chalking problem caused by UV light which in the present of TiO, degrades the polymer
binder in the paint. It was not until 1972 when photocatalytic TiO; received further attention
due to the discovery of splitting of water by Fujishima and Honda [6]. Consequently titanium
dioxide’s photocatalytic properties, mechanisms, and surface reactions have been under

extensive scrutiny until today [7-12].

Titanium dioxide’s characteristic as a superhydrophilic coating was discovered in 1995
[13,14] which excited the research and increased the number of applications of photocatalytic
and photoactive TiO, especially in Japan. In environmental purposes TiO, coatings and

particles have been utilized in self-cleaning, anti-fogging, and antibacterial surfaces [15-17].
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In applications such as indoor and outdoor construction cements, ceramic tiles, and windows,
titanium dioxide’s function has been to reduce fouling and decompose pollutants such as
volatile organic compounds and nitrogen oxides [15,16]. Antibacterial properties make it also
potentially useful in hospitals, bathrooms and places where microbes cause problems. During
the last two decades TiO, has been comprehensively studied in waste water and air
purification, in dye sensitized solar cells [18,19], gas sensors, optical applications, and

microelectronics [20-39].

Since nanotechnology started to develop, TiO, has been fabricated in various forms such as
different nanoparticles, nanorods, nanowires, and nanoscale thin films [40]. The definition for
a nanoscale material is that at least one of its dimensions is sized from 1 — 100 nm. There are
multiple methods to fabricate nanosized TiO, such as sol-gel, hydrothermal method, direct
oxidation method, chemical vapor deposition (CVD), physical vapor deposition (PVD), and

atomic layer deposition (ALD) to name a few.

Nanometer scale has changed the research work and applications since new physical and
chemical properties have appeared. For instance in semiconductor materials such as TiO,,
movement of electrons and holes has been found to be affected by quantum confinement.
Also the size and shape of the material have an effect on the transport of photons and
phonons. The band gap (E,) of TiO, has been noticed to increase when the grain size reaches
a certain critical value [41]. This occurs due to the quantum confinement effect which takes
place when the diameter of the grain equals the magnitude of the wavelength of the electron
wave function. Yet, there are disagreements on the critical grain size or whether the quantum
size effect applies to TiO, [42-45]. Additionally, specific surface area and surface-to-volume
ratio in nanomaterials is radically larger than in the bulk. These both result in an increased
number of excitons and chemical reactions on the TiO, surface which further can enhance the
efficacy of photocatalytic activity. A negative aspect of nanoparticulates is their biological
toxicity if they get into human cells [46]. In water and air purification there is a risk that
nanoparticles remain in the filtered product. Nanoparticulates may also penetrate through skin
from cosmetics, medical or self-cleaning products [46]. A non-toxic option is to use TiO,
solid thin films which have been deposited onto various supports where surface area can be

increased by using porous materials as substrates.
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1.2 Zinc Oxide

Zinc oxide, ZnO, is an inorganic compound. Typically ZnO is a white powder that is
insoluble in water. It is commonly used as an additive in numerous materials and products
including pigments, plastics, ceramics, glass, cement, lubricants, paints, adhesives, and in
foods as a source of Zn mineral [47]. In nature ZnO can be found as zincite mineral.

However, most of the zinc oxide is produced synthetically.

In materials science ZnO is a direct wide band gap semiconductor. Its band gap is 3.37 eV
and close to that of TiO,. In fact the characteristics of TiO, and ZnO are similar. Like TiO,
ZnO is also photoactive and bactericidal hence it can be applied in air and water purification
and in medical applications [48-50]. ZnO has a good transparency, high electron mobility, and
a strong room-temperature luminescence. Thus it has many applications in optical, electronic
and optoelectronic devices such as thin-film transistors, light-emitting diodes, transparent
conductors in liquid crystal displays and solar cells and gas sensors [51-60]. It addition ZnO
can be used in heat blocking and/or energy saving windows, and in surface acoustic wave
devices [61-63]. Since ZnO also possesses a high refractive index of 2.0 and absorbance in

the UV region it can be used as a UV-blocker.

1.3 The fabrication of thin films by atomic layer deposition (ALD)

The concept of the Atomic Layer Deposition (ALD) process was first published by Prof. V.B.
Aleskovskii in the Soviet Union in 1950s [64]. The actual invention and the first patent for
ALD technology was launched by Prof. Tuomo Suntola and his coworkers in the 70s in
Finland [65]. Their work led to the first industrial application, the manufacturing of thin film
electroluminescent (TFEL) flat-panel displays starting from the mid 80s. Interest in ALD has
increased gradually thereafter and in the 2000s the first noble metals were deposited with
ALD keeping the focus on silicon-based electronics. During recent years ALD has been
applied in preparation of various passivation and buffer layers for solar cells and anti-
tarnishing layers for silver products. ALD is also a potential technology in flexible plastic
displays, organic LEDs, flexible and paper-based electronics and high performance packaging

in creating barrier layers against water vapor and oxygen diffusion. The development of roll-
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to-roll processes (RRALD) is essential for economic production of active flexible devices

[66].

ALD is a surface controlled gas phase chemical process where thin films can be deposited in a
layer by layer manner [67]. Typically, in the growth of binary compounds such as metal
oxides, a reaction cycle consists of two reaction steps. However during the initial pulse,
chemisorption is needed to occur between the first precursor and the substrate surface.
Usually the first precursor is an oxidizing precursor which forms hydroxyl groups on the
surface. In the second step the metal precursor reacts with the hydroxyl groups and the first
layer of metal oxide is formed. Between the steps a purge gas, usually nitrogen or argon, is
applied to remove the excess of precursor and the reaction by-products and only those atoms
or molecules which remain on the surface will react. Hence the film growth in Atomic Layer
Deposition is self-controlled contributing several advantages. The thickness of the films can
be controlled by controlling the number of reaction cycles, therefore enabling the controlled
growth of ultra thin layers. The growth control can be as fine as ~0.01 nm per cycle. The
precursors form stoichiometric films with large area uniformity and conformality even on
complex surfaces with deformities. Layer-by-layer growth allows one to change the material
abruptly after each step. This gives the possibility of depositing multicomponent films such as
nanolaminates or mixed oxides. ALD can be used to deposit several types of thin films,
including various oxides, nitrides, sulfides, metals, and hybrid organic-inorganic layers aka

metallocones [68-71].

2. Structure and Properties of TiO, and ZnO and their deposition

by ALD

2.1 Structure of TiO,

In nature TiO; is typically found in ilmenite (FeTiOs) but also as naturally occurring rutile.
TiO; is refined from ilmenite in a sulfate process and from rutile ore in a chloride process. In

addition TiO; can be manufactured into different types of particles and films by applying
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various techniques [72]. The most common minerals of titanium dioxide are rutile
(tetragonal), anatase (tetragonal), and brookite (orthorhombic). From these three, rutile is the
most stable polymorph exhibiting the highest refractive index. Anatase and brookite are
metastable and transform irreversibly into rutile at elevated temperatures. Brookite is a rare
mineral compared to rutile and anatase. It is also much more difficult to fabricate. All the
most common polymorphs of TiO, rutile, anatase, and brookite are birefringent ie. double
refractive. The refractive indices of rutile are n,=2.61 and n.=2.90. For brookite they are
n,=2.58 and n~=2.70 hence both are optically positive. Anatase is optically negative and

possesses refractive indices of n,=2.56 and n.=2.49 [72].

Rutile and anatase have been the most studied polymorphs in TiO, applications. They both
possess a tetragonal crystal structure. The unit cell parameters for rutile are a = b= 0.4584 nm,
¢ = 0.2953 nm and for anatase a = b= 0.3782 nm, ¢ = 0.9502 nm. The bulk structure of rutile
and anatase consists of titanium atom surrounded by an octahedron of 6 oxygen atoms. In
both structures the octahedral configuration is slightly distorted. Anatase possesses a more
noticeable deviation from 90° between Ti-O —bonds than rutile [73]. In rutile each octahedron
is sharing a corner with a neighbor along the [110] direction and they are stacked with their
[010] axis alternating by 90°. In anatase the octahedra that are sharing corners form the (001)

plane. The unit cells with octahedral structures of rutile and anatase are shown in Figure 1.
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Figure 1. Bulk structures of rutile and anatase unit cell structure (left). Stacking of octahedral
structures is shown on the right [74]. Reprinted with permission from Elsevier © 2003.

Of all the TiO, surfaces rutile (110) surfaces are thought to possess the highest
thermodynamic stability. In anatase the (101) surface is thermodynamically most stable [74].
In surface science the rutile (110) surface has been widely studied and it has become a
prototypical surface among metal oxides [75,76]. However, in the late 1990s comparatively
small numbers of studies were conducted on the anatase structure despite its technological
importance. The lack of knowledge was mainly due to lack of appropriate single-crystal
samples. In nature the rutile mineral is found in high-temperature and high-pressure
metamorphic and igneous rocks [77]. The rutile mineral is presented in Figure 2. The anatase

phase of TiO; is formed at lower temperatures than rutile. Many double pyramid anatase
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crystals have been found in St Christophe-en-Oisans, France. Microscopic sized crystals can
be found in sedimentary rocks, such as sandstones, clays, and slates. A second type anatase
mineral has numerous pyramidal faces and has been discovered in the Alps [78]. A double

pyramid anatase mineral is presented in Figure 3.

Figure 2. Rutile mineral crystal from Binn Valley, Wallis (Valais), Switzerland. (110) plane
is marked [77]. © Rob Lavinsky, iRocks.com — CC-BY-SA-3.0
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Figure 3. Anatase mineral crystal from St Christophe-en-Oisans, Rhone-Alpes, France.
Typical cleavages of (101) and (011) on the sides and (001) on top are shown [78]. © Didier
Descouens, Creative Commons Attribution 3.0 Unported license.

2.1.1 Surface structure of TiO,

Accurate surface studies need pure single-crystalline materials. Rutile is a common mineral
and its (101) face has become the most investigated single-crystalline surface in the surface
science of metal oxides. The bulk-truncated (1x1) surface has been well scrutinized both with
experimental and theoretical methods [73,74]. The stoichiometric characteristics as well as

defects have been studied since they all affect the surface chemistry of TiO, [79,80].
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Figure 4. A bulk-terminated rutile surface [74]. Reprinted with permission from Elsevier
©2003.

A bulk-terminated rutile surface structure is presented in Figure 4 [73]. Six-fold coordinated
and five-fold-coordinated Ti atoms alternate along the [001] direction. Two dissimilar
oxygens are bonded to Ti atoms. The oxygen atoms on the main surface are three-fold-
coordinated as in the bulk. So called bridging oxygens are only two-fold-coordinated and due
to their undersaturation they are prone to be removed by thermal annealing. The oxygen loss
can further cause bulk oxygen vacancies and titanium interstitials in the bulk [74]. The effect
can ultimately lead to a defect called a crystallographic shear plane (CSP) [74]. The CSP is
formed when a normally edge-sharing octahedra is transformed into a face-sharing
arrangement. Other common defects are step edges and impurities. Steps edges may be
adsorption sites for molecules or nucleating locations for metals when deposited on oxides
[73,74,81-83]. Yet step-edges have not been found to play a major role in affecting surface
chemistry. [73]. Impurities have been found to segregate to the surface when TiO; is annealed
in high temperatures [84]. The quantity and quality of impurities vary in crystalline specimens

since they are dependent on the synthesis and manufacturing methods.
Figure 5 presents a scanning tunneling microscopy (STM) image of TiO, (110) surface point

defects [85]. The investigators suggested that the bright defects were oxygen vacancies. The

dark point defects were unknown to the investigators.
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Figure 5. STM image of 200Ax200A of a TiO, surface. Point defects are marked with an
“A” and “B”. Points with “A” have been assigned as oxygen vacancies [85]. Reprinted with
permission from Elsevier © 1998.

Anatase is a rarer TiO, mineral than rutile. Pure anatase crystals have been hard to acquire in
order to execute accurate surface studies. However due to the growing interest in highly
photoactive anatase its surface properties have been under scrutiny during the last decade
[74]. Anatase (101) has been found to possess the highest thermodynamic stability [86-88,74].
Based on ab initio density-functional calculations Lazzeri et al. [89,90] found that the anatase
(101) surface is corrugated with a characteristic sawtooth profile perpendicular to the [010]
direction. The first STM study of single-crystalline anatase was performed by Hebenstreit et
al. [91]. A ball-stick model of anatase (101) and a STM image of a characteristic terrace-step

structure of anatase (101) are presented in Figure 6.
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Figure 6. Ball-stick —model of anatase (101) (left) and a scanning tunneling microscopy
(STM) image of terrace-step structure of anatase (101) (right) [92]. Reprinted with permission
from the Nature Publishing Group © 2006.

The left image of the Figure 6 presents a ball-stick model of the anatase (101) surface
showing fully coordinated six-fold titanium atoms (Tisc) bonded to three-fold oxygen atoms
(O3c) and undercoordinated five-fold titanium atoms (Tisc) bonded to two-fold-coordinated
bridging oxygen atoms (Oyc). The STM image in Figure 6 (right) shows the characteristic
terrace-step structure of anatase (101) [92].

In contradiction to what had been earlier thought, Lazzeri et al. [89,90] reported that anatase
is more stable than rutile and the difference in cohesive energy between the two phases was
calculated to be 0.10 eV/TiO,. Based on the calculations of Beltran et al. the cohesive energy

of anatase was approximately 0.14 eV/TiO, higher than that of rutile’s [93].

2.1.2 Water on TiO, surface

The rutile TiO, (110) -water interface is the most widely studied model system. Rutile has
been found to be reduced more easily with H, or vacuum annealing than anatase [94]. Schaub
et al. studied water on rutile (110) surface with STM imaging and DFT calculations [95].

They discovered that water eagerly dissociates on oxygen vacancies (Ov) to form pairs of
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nearby bridging hydroxyl (OH) groups. The adsorption of water was found to be different on
anatase (101) surfaces. Based on DFT calculations Vittadini et al. presented that water
adsorbs molecularly on anatase (101) surfaces [96]. The adsorption energy for undissociative
water molecules on anatase (101) was found to be AHuy0 ~0.7 eV whereas the same for
dissociative water was AHy on ~0.3 eV. This result was in agreement with the experimental
estimate of 0.5-0.7 eV by Egashira et al. [97]. The investigators considered this as proof that
molecular adsorption is mostly favored on anatase (101). Further STM studies of anatase
(101) showed that anatase has a much smaller defect density than rutile (110) [91]. The same
result was obtained later in another study [98]. The investigators concluded that the major
difference between rutile and anatase was related to the difficulty in forming oxygen vacancy
defects on anatase (101) as opposed to forming them on rutile (110). Since the defect sites

cannot be formed on anatase (101) the adsorbed water is assumed to remain molecular.

Yet there is still a controversy whether water is dissociative even on rutile (110). According to
recent studies that were conducted using DFT calculations water does not dissociate on rutile
(110) within the 0.5 monolayer to multilayer regime [99]. The investigators defined one
monolayer as equal to one water molecule per five-fold coordinated Ti site. The first contact
layer of water on TiO, was found to contain slow moving water molecules whereas the
second layer moved faster. The investigators found hydrogen bonding between the first and
second layer molecules. In addition the first and second layer molecules were able to

exchange positions between the layers.

The general understanding has been that hydroxyl radicals formed from water molecules by
holes have an important role in photocatalytic reactions. However some studies have
emphasized the role of oxygen. It has been suggested that oxygen (O,) would not adsorb onto
neutral TiO; [100-102]. Its adsorption seems to need a negatively charged surface for instance
a defect site such as an oxygen vacancy. Based on recent DFT calculations Mubhich et al.
proposed that O, adsorption and the resulting highly oxidative species would be the major
factor in the degradation of pollutants [103]. They suggested that water molecules would only

serve as hole acceptors and ultimately not be involved in degradation processes.
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2.2 Electrical properties of TiO,

Unlike metals which have continuums of electronic states; semiconductors have a void region
between the filled valence band and the vacant conduction band where (in principle) no
electron can exist. This region is called a band gap. TiO; is a semiconductor with band gaps
of 3.2 eV for anatase and 3.0 eV for rutile. The greater band gap of anatase is assumed to
result from a lower material density which causes weaker bonding and less band dispersion.

Anatase is also found to possess an indirect bandgap where rutile has a direct band gap [104].

Investigators have found significant differences between the electrical properties of anatase
and rutile. Sputtered anatase and rutile films were studied by Forro et al. [105]. They found
that anatase films possessed low donor levels and high electron mobility. Confirmed by
another study, anatase possessed a smaller electron effective mass and shallower donor
energies than rutile [106]. Additionally the exciton states were found to be self trapped on

anatase while in rutile they were free.

DFT calculations were performed on the electron transport in stoichiometric anatase and rutile
phases [107]. In contrast with the earlier studies [105] Deskins and Dupuis found that intrinsic
electron transfer was faster in bulk rutile compared to bulk anatase. The differences between
the studies may be due to defects, applied voltage, or photoexcitation which can have an
effect on the mobility of charge carriers. Later the same investigators reported that holes are
thermodynamically more stable in the rutile phase, while electrons are more stable in the

anatase phase [108].

The charge carrier type of TiO; has been also under scrutiny. Generally TiO, has been found
to be n-type and this behavior has been observed both in rutile and anatase structures
[109,110]. There are a few contradictory results where n-type anatase and p-type rutile have
been fabricated from titania powder [111] or p-type anatase that was made by sol-gel
technique to be tested in gas sensors [112]. In another study anatase was reported to change
its polarity depending on the energy of light irradiation [113]. The conductivity of TiO,
depends on its polymorph and impurities. It can be modified by doping or by oxygen
vacancies. In various vacuum techniques oxygen vacancies may be created by decreasing the

partial pressure of the oxidizing agent [114] or post annealing can be performed to reduce
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TiO, with hydrogen [115]. It has been discovered that electrical conductivity is not that
dependent on the intrinsic free carriers in TiO, but that conductivity occurs mostly due to
hopping through impurity centers [116]. The conductivity has also been found to be affected
by the grain size in TiO, thin films which has been noticed to increase with increasing
deposition temperature [117]. Accordingly minor changes in TiO; structure may significantly

change its electrical properties.

2.3 ALD grown TiO, thin films

TiO; films have been created by various ALD processes. Halides, alkoxides, alkylamides, and
heteroleptic precursors have been used within a temperature range of 100-600°C [118-147].
Using plasma-enhanced (PEALD) processes a temperature range as low as 50-70°C has been
applied [148]. However in order to achieve crystalline TiO, films a temperature above 200°C
has been required in ALD processes [141,142]. TiO, ALD-processes have been discussed
recently more comprehensively elsewhere [71,149]. The most common halide process is

presented in the following section.

Titanium tetrachloride (TiCls) has been a typical precursor for TiO, due to its good volatility,

reactivity with water, inexpensiveness, and stability.

For the tetrachloride and water process the basic reaction mechanism is the following

TiCly (g) +2 Hy0 (g) — TiO1 (s) + 4 HCl () M

Various reaction temperatures have been investigated with this process. One of the first
studies applied a temperature range of 150-600°C with Corning 1733 glass as a substrate
[118]. The growth rates varied between 0.035-0.045 nm/cycle depending on the deposition
temperature. A growth rate of 0.052 nm/cycle at 500°C was achieved when using soda lime
glass as a substrate. The residual chlorine analyzed by Rutherford Backscattering
Spectrometry (RBS) was found to be 2 at-% at 150°C but was beyond the detection limit for
500°C deposited films. For an unknown reason the investigators did not succeed in depositing

crystalline films on glass substrates. During the following years, studies showed that ALD
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grown crystalline TiO, was possible to be deposited on amorphous substrates [121]. Aarik et
al. confirmed that all the films above 165°C were crystalline and below 165°C, amorphous.
Anatase appeared in all films between 165-350°C and rutile started to grow above 350°C
becoming the dominating phase around 400°C. Another important observation was that the
crystal phase and orientation depended on the film thickness. At 210°C the films were
amorphous below a thickness of 10 nm whereas they were polycrystalline between 15-55 nm
thicknesses. In addition the minimal film thickness when the crystallization started to appear
decreased with increasing temperature. The growth and transformations of TiO, phases in thin
films have not been scrutinized very intensively. In particle research there are several studies
on the effect of size to the structure and various characteristics of TiO; [88,150-152]. Anatase
to rutile transformation has been related to the grain size of TiO,. Based on thermodynamical
and experimental studies with nanoparticles, anatase was found to be most stable below a
particle size of circa 14 nm [150]. In a later study where the transformations of three
polymorphs (anatase, brookite, and rutile) were compared, anatase was thermodynamically

most stable at sizes less than 11 nm [151].

In ALD deposition the transformation from anatase to rutile seems to occur around 350 °C
[121]. Apparently the thin film thickness and the grain size of the grown crystalline film can

affect the transformation between TiO; phases and crystal orientation.

2.4 Photoactivity and photocatalytic properties of TiO,

Photoactivity is utilized in self cleaning surfaces and in dye-sensitized solar cells whereas
photocatalytic activity is important in processes where the degradation of organic molecules is
required. TiO; is a well accepted photocatalyst since it is inexpensive, chemically stable, and
the photogenerated holes are highly oxidizing. Both anatase and rutile have proven to be
photoactive and possess photocatalytic properties, but based on numerous investigations
anatase has overcome rutile in both properties. The downsides of TiO, are recombination
problems and its functionality in a narrow solar range. As mentioned already in Chapter 2.2
the bandgap of bulk anatase is E,=3.2 eV, which corresponds to a wavelength of 388 nm
whereas the bandgap of rutile is E,=3.0 eV which is equivalent to 414 nm. Consequently
anatase needs more energy for activation and both polymorphs absorb only UV light therefore

being photoreactive only within 4% of the solar energy range. In addition TiO, suffers from
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fast recombination of electrons and holes during the photoactivation which reduces its
efficiency in both photoactivity and as photocatalytic material. A good understanding of
photoactive materials’ structure and electron/hole transport is essential to improve efficiency
of photocatalytic reactions. There have been multiple attempts to decrease the recombination

problem and to extend the narrow solar absorption range to visible region.

The photocatalytic process is presented in Figure 7. TiO, photoexcitation takes place when an
electron (e") is excited by photon energy (hv) from valence band (VB) to conduction band
(CB) and a hole (h") is formed into the valence band. After excitation there are several options
that can occur [10]: the electron and the hole can recombine dissipating the input photon
energy to heat, become trapped in metastable semiconductor surface states, or they can
interact with electron donors and acceptors that are adsorbed on the TiO, surface. The
recombination occurs in a few nanoseconds [153] if there is lack of scavengers that could trap
the electrons or the holes. A trapped electron from the conduction band is a good reductant
and a hole from the valence band is an outstanding oxidant enabling redox reactions to take

place.

31



Acceptor

<390 hm S

for anatase

L <414 nm

\

Acceptor®-

Energy

for rutile Donor

+
\‘) &) Donor*
TiO,

TiO,+ht > hg' + eq” Charge Separation
hys*+ H,0 = OH* OH*Generation (VB)
e +0, > 0, +H,0-> OH* OH*Generation (CB)

o A
\\ .

Figure 7. Schematic of photocatalytic process and the oxidative reactions [154]. Adapted
from Photochemistry Portal, Creative Commons Attribution-Non-Commercial-Share Alike
3.0 Unported License.

The following basic mechanisms for the photogeneration of radicals in atmospheric and
aqueous environments have been proposed when there are water and oxygen present on the
TiO, surface [10,155,156]. The radicals further attack the organic matter and the

decomposition begins.

a) TiO, + hv — h" + ¢ (generation)

b) h* + HyOugsorbed <> H' + ‘OH (reaction)
¢)h"+ OH™ < ‘OH (reaction)

d) e + Oy adsorbea > Oz~ (reaction)

e) 0, +2HO +H'" — H,0, + O, (reaction)
f) HOOH — HO' + OH (reaction)

g) h" + Ti**OH — (Ti*"OH’)" (hole trapping)
h) e + Ti**OH-Ti* OH (electron trapping)
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Titanium dioxide’s wide band gap and appropriate locations for valence and conduction band
make it good material for photocatalytic reactions. Figure 8 shows a schematic of the TiO,
band edges and the potentials for various redox processes. The redox potential for
photogenerated holes is +2.53 V versus the standard hydrogen electrode (SHE) in pH 7
solution. After a hole (h") is generated (a) and it has reacted with water (b), it can produce a
hydroxyl radical (OH) (b,c). The redox potential for TiO, conduction band electrons is —0.52
V, which can reduce oxygen (O») to superoxide (O>7) or to hydrogen peroxide (H,0,) (d-f).
Ti*'(OH) can form Ti**OH by the capture of electrons serving as electron traps [157]. The
shortcoming is that these groups may further attract holes forming recombination centers

[158] and thus preventing potential degradation processes.
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Figure 8. Potentials for various redox processes occurring on the TiO, surface at pH= 7. The
band edge positions (left) and redox couples move to more negative potentials when the pH is
increased. Adapted from [11]. Copyright © 2006 Académie des Sciences, Elsevier Masson
SA4S.

The superhydrophilicity of TiO, was discovered in 1995 [13,14]. Sakai et al. [159] suggested
the mechanism for hydrophilic-hydrophobic changes under UV irradiation (Figure 9).
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Figure 9. TiO, surface during the reversible hydrophilic changes. Adapted from [11].
Reprinted with permission from (N. Sakai, A. Fujishima, T. Watanabe, K. Hashimoto,
Quantitative Evaluation of the Photoinduced Hydrophilic Conversion Properties of TiO; Thin
Film Surfaces by the Reciprocal of Contact Angle, J. Phys. Chem.B 107 (2003) 1028.)

Copyright © 2003, American Chemical Society.

Figure 9 shows the changes of hydrophilicity on a TiO, surface [11,159]. The upper
illustration shows the situation in the dark. After UV illumination (below) photoexcited
electrons are captured by molecular oxygen. At the same time they diffuse to the TiO,
surface. Based on investigations the diffusion rates for both excited holes and electrons in
bulk rutile and anatase have been recognized to be fast [107,108,160]. After diffusion to the
surface the holes will get trapped at lattice oxygen atoms. Consequently, the hole trapping
weakens the binding energy between the Ti atom and the lattice oxygen. Another adsorbed
water molecule gets a chance to break this bond and new hydroxyl groups are formed
(illustration on the right). In the dark the hydroxyl groups gradually desorb from the surface in
the form of H,O, or H,O + O».

The photocatalytic activity of TiO, may be modified by changing its physicochemical
properties such as crystallinity, crystal structure, particle size, defect density, film thickness,

and surface area [161-164]. Several studies of TiO, particles have shown that there is a
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synergistic effect on the photocatalytic properties between anatase and rutile and that both
phases are needed in order to produce an efficient photocatalyst [165-179]. Bickley et al.
[165] suggested that electrons transfer from anatase to the lower bandgap rutile crystals which
serve as electron trapping sites and thus separate the electrons and holes. In a recent study
Komaguchi et al. have demonstrated an electron transfer from the anatase phase to the rutile
phase [178]. Kawahara et al. presented that a photoinduced interfacial electron transfer from
anatase to rutile increases TiO; photocatalytic activity [169,170]. Liu et al. concluded that the
photogenerated electrons in the rutile conduction band result in superoxide radicals and the
holes in the anatase valence band contribute to oxidation reactions [179]. There are also
contradictory studies which claim that the electron transfer occurs from rutile to anatase
[168,173,174]. Ohno et al. studied commercial Degussa P-25 powder which contains anatase
and rutile in a 3:1 ratio [168]. They suggested that the electron transfer takes place from rutile
particles to anatase particles [168,171] since rutile contains Ti’" jons which are electron
donors. Hurum et al. [174] presented a theory of a catalytic “hot spot” between large anatase
crystallites and small rutile crystallites. They explained that the electron transfer occurs from
rutile to lower energy anatase trapping sites allowing more stable charge separation and hence

higher photocatalytic efficacy.

Film thickness has been also discovered to have an effect on the photocatalytic activity
[163,164]. Pore et al. accomplished the first study for the photocatalytic properties of ALD
grown TiO, films [135]. Titanium tetramethoxide Ti(OMe); and water were used as
precursors. The ALD films were deposited at various temperatures and the film thicknesses
were between 60-150 nm. The films grew as polycrystalline anatase above 250°C. The
decomposition of methylene blue solution and stearic acid which had been spin coated on the
film surface was studied. In both tests all crystalline films were found to be photocatalytically

active.

2.4.1 Nitrogen-doping of TiO;

The most common method to extend the photoresponse of TiO, to visible light area is doping
with transitional metal-ions and/or non-metals [180-183]. In multiple studies doping has
resulted in TiO, absorption edges red-shifting to wavelengths of 550 nm and higher. Doping

may also result in inferior photocatalytic properties caused by increased recombination
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centers or thermal instability [180]. The reasons for the doping effects are still unclear. Based
on the DFT studies the band gap of TiO, decreases due to interactions between the dopant
states and O 2p states of the valence band which cause the valence band edge to rise upward
[180]. Other reports have proposed isolated dopant states located within the band gap through
which the excitation of electrons takes place to the conduction band resulting in a red shift
[184]. Asahi et al. produced substitutionally doped TiO,<Ny films by sputtering and created
photocatalytically active TiO, in the visible light region [185]. Since Asahi’s work nitrogen
doping has been considered to be the most effective approach to improve photocatalytic

reactivity under visible light illumination.

Nitrogen can be incorporated in titanium dioxide by various methods. These can be oxidation
of titanium nitride, chemical reaction processes (sol-gel, CVD, ALD), or with physical
techniques (magnetron sputtering, ion implantation) [180,183]. The mechanism of nitrogen
doping has been investigated by Di Valentin et al. [184,186]. They performed DFT-
calculations considering two different doping models of substitutional and interstitial N-
doping. Their results showed that in substitutional doping the nitrogen atom is bound to three
Ti atoms and replaces lattice oxygen in TiO,. This nitrogen atom is in a negative oxidation
state (N*). In interstitial doping the nitrogen atom is bound to one lattice oxygen and
therefore is in a positive oxidation state. The resulting NO species interacts with the lattice Ti
atoms through its p-bonding states [184]. In preparing N-doped TiO, the experimental
parameters will determine which doping type will dominate the structure. Interstitial doping
will be preferred when there is an excess of nitrogen and oxygen in the process. In high-
temperature oxygen-poor calcination processes N-doping will result in substitutional doping
and oxygen vacancies. Figure 10 presents substitutional N-doping and interstitial N-doping

structure in the TiO, anatase phase.
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SUBSTITUTIONAL INTERSTITIAL

Figure 10. Model structures for substitutional and interstitial N-dopants in anatase TiO, phase
[184]. Reprinted with permission from (C. Di Valentin, G. Pacchioni, A. Selloni, S. Livraghi,
E. Giamello, J. Phys. Chem. B, 109 (2005) 11414.). Copyright (2005) American Chemical
Society.
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Figure 11. Electronic band structure for (a) substitutional and (b) interstitial N-doped anatase
TiO,, as given by PBE calculations at a low-symmetry k-point. The calculated value of the
band gap 2.6 eV is lower than experimental values due to the well-known limitating effect
from DFT-calculation [184]. Reprinted with permission from (C. Di Valentin, G. Pacchioni,
A. Selloni, S. Livraghi, E. Giamello, J. Phys. Chem. B, 109 (2005) 11414.). Copyright (2005)
American Chemical Society.

Figure 11 presents computed electronic band structures for both substitutional and interstitial
N-doping systems [184]. In both systems the formation of localized states in the band gap are
found. Substitutional nitrogen states (a) are situated above the valence band whereas
interstitial nitrogen states (b) are placed higher in the gap. Excitation from these localized
states to the conduction band may result in a narrower band gap and in a red shift towards the

visible light region.

In addition Di Valentin et al. calculated a relative difference in core level shifts for N-doped
TiO; samples and compared them with the experimental values based on X-ray photoelectron
spectroscopy (XPS) measurements [184]. The investigators reported that the calculated core
level shift between substitutional and interstitial doping was 1.6 eV which correlated well
with the experimental values for 397 eV (attributed for substitutional N) and >399 eV

(interstitial N).
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2.4.2. Nitrogen doping in ALD-grown TiQO; thin films

The first N-doping trial for TiO, with ALD method was accomplished by Pore et al. [187].
They combined ALD deposition of TiN and TiO, ALD-processes in order to achieve TiO,
N films. TiN films can be grown from TiCls and NH; precursors and TiO, films by using
water as an oxidant. Different doping concentrations between 0.7-8.1 at-% were achieved by
varying the relative amount of TiN and TiO; layers. All films were deposited at 500°C onto
borosilicate glass substrates and the film thicknesses varied between 120-225 nm.
Interestingly despite the high deposition temperature all the films were anatase or anatase
dominating. The investigators noticed that the anatase phase was favored due to the
conversion from TiN into TiOy-Ny. The results showed that TiO,.x Ny film with the highest
nitrogen concentration produced the lowest band gap of 2.9e¢V. The photocatalytic reactivity
in stearic acid degradation tests under UV light illumination showed that the doped samples
performed more poorly than undoped films. Under visible light illumination both doped and
undoped TiO, films were photocatalytic. The low photocatalytic reactivity was considered to
be due to increased recombination of electrons and holes. In addition the investigators
concluded that the doping decreased the superhydrophilicity of TiO; films. Another N-doping
trial with ALD is discussed later in Chapter 4 (I, IV).

2.5 Structure of ZnO

ZnO can be found in three crystalline forms: hexagonal wurtzite, cubic zincblende, and
rocksalt. Wurtzite is the most stable in ambient conditions and hence is more common than
zincblende. Zincblende can be formed only in specific growth conditions. Rocksalt can only
be formed in relatively high temperatures and pressures [188,189]. The unit cell parameters of
wurtzitic ZnO are a=b= 0.325 nm and c= 0.521 nm. In the ZnO wurtzite structure
tetrahedrally coordinated Zn and O atoms form planes which are alternately stacked along the

c-axis. Figure 12 presents the ZnO wurtzite structure.
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Figure 12. Structure of ZnO wurtzite crystal [190]. @Public Domain

Wautzite ZnO has no inversion symmetry (a reflection from at any point in the crystal does not
transform into itself). This property is related to the piezoelectric and pyroelectric
characteristics of ZnO [191]. The lattice constant ratio c/a ~ 1.60 is close to the ideal value for
hexagonal cell ¢/a = 1.633 [192]. The bonding between zinc atoms and oxygen atoms is ionic
(Zn*" — O%). The radius for Zn*>" is 0.074 nm and for O, 0.140 nm. ZnO bonds are polar and
therefore the planes of ZnO are electrically charged [191]. The most common polar surface on
ZnO is (0001) plane. In one direction, the (0001) plane terminates with partially positive Zn
lattice sites and in the other direction it terminates in partially negative oxygen lattice sites.
This creates a positively charged Zn (0001) surface and a negatively charged O (0001) surface
in the [001] direction. Normally crystal planes tend to reconstruct in order to reach electrical

neutrality but this has not been found to occur on ZnO surfaces. This anomaly is still under
scrutiny [193-195]. The other common ZnO surfaces are (2110) and (0110) which are non-

polar and possess lower energies than (0001). The polar hexagonal ZnO crystal is presented

in Figure 13.
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Figure 13. The structure of hexagonal polar ZnO crystal [196]. Reprinted with permission
from Springer © 2006.

2.6 Properties of ZnO

The native doping form of ZnO is n-type. It has been suspected to arise from oxygen
vacancies or interstitial Zn atoms but this knowledge has not been confirmed. Zinc oxide has
been generally found to be an n-type semiconductor with a bandgap of about 3.37 eV being
near the UVA area. The high exciton binding energy (60 meV) in ZnO crystals allows
efficient excitonic emission at room temperature. The most common defects in the ZnO
structure are oxygen vacancies (Ov), zinc interstitials (Zn;), oxygen interstitials (Oj), zinc
antisites (Znp), negative U-centers, extrinsic impurities and hydrogen related defects
[197,198]. The causes for these defects are still divisive [199] but they have an evident effect

on the properties of ZnO.

ZnO is an eminent material for its bactericidal properties. Recently ZnO nanoparticles have
been studied widely in antibacterial testing. ZnO has shown a strong bactericidal effect
against various bacteria [200-203]. The antibacterial mechanism of ZnO is still unclear and
being currently scrutinized. Sawai et al. suggested that the photocatalytic generation of
hydrogen peroxide was a principal mechanism for the antibacterial effect [200]. It has also
been proposed that ZnO nanoparticles will penetrate the cell envelope and disorganize the
bacterial membrane [203, 204]. The dissolution of Zn*" ions has been successful but the

mechanism is not clear [205,206]. ZnO has been dissolved under aqueous conditions to form
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hydrated Zn** ions. Other studies have shown that the dissolution of Zn*" was enhanced under
acidic conditions and with the presence of biological components such as amino acids and
peptides [207]. The effect of the ZnO particle size has been studied and the results have been
contradictory [202,205]. All types of morphology in polycrystalline ZnO particles have

performed well in antibacterial studies against E.coli and S.aureus [208].

2.7 ALD grown ZnO thin films

Zinc oxide (ZnO) thin films are an extensively studied area and there are several methods
such as reactive magnetron sputtering, electron beam evaporation and chemical vapor
deposition that have been used in their production. During recent years atomic layer
deposition (ALD) has gained an immense interest for producing metal oxides and a large

amount of studies have been conducted on ZnO.

Due to their high reactivity, diethyl zinc (DEZ) and water have been the most commonly used

ZnO precursors in ALD.

The binary CVD reaction for ZnO deposition is

Zn(CH,CHs) (g) + H20 (g) — ZnO 8s) + 2C,Hs (g) 3)

this can be written in two ALD half-reactions [209]

OH* + Zn(CH,CH3), — OZn(CH,CH3)* + C,Hg 4)
OZn(CH,CH3)* + H,O — OZnOH* + C,Hg %)

Diethyl zinc, DEZ is susceptible to thermal decomposition at higher temperatures [210,211].

The dissociation takes place between the Zn-C bond. The applied reaction temperatures are

usually between 100 - 250°C.
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Lim and Lee [212] studied the ZnO process over a temperature range of 100 — 250°C,
depositing films on sapphire (0001) substrates. Pulse lengths for DEZ and H,O were 0.2 s and
0.15 s, respectively. Purging time with nitrogen (N,) was 2 s after each pulse. An ALD
window was found for reaction temperatures between 130 — 180°C where the growth rate was
about 0.26 nm/cycle. The crystalline orientation for the films was (002), which is also the
thermodynamically favorable orientation for ZnO. The crystallinity was found to improve
with increasing temperature. In another study the DEZ and ozone (Oj3) process was compared
with the DEZ — H,O process [211]. The films were deposited on SiO/Si substrates over a
temperature range of 230 — 300°C. At 250 °C the saturation limit was reached with 1 s DEZ
pulsing time and the growth rate was 0.17 nm/cycle, which was lower than frequently reached
value of 0.2 nm/cycle with the DEZ-H,0 process. In both precursor processes the preferred
crystal orientation was (002). It is noticeable that the mobility, carrier concentration, and
conductivity of ZnO were all lower when using the ozone process. The investigators expected
this was due to Si diffusion from the substrate during the ozone process. Alternatively it is
possible that the number of oxygen vacancies created is lower in the ozone process especially

at higher temperatures.

Lim et al. compared ALD grown ZnO with sputtered ZnO [213]. DEZ and water were used at
reaction temperatures between 100 — 250 °C using Ar as both purging and carrier gas.
Corning 1737 glass and Si (001) were used as substrates. The growth rate increased with
increasing temperature and decreased again at 175°C and higher temperatures. The films were
polycrystalline at all temperatures with a dominant orientation of (002). The resistivity of the
ZnO film was high and mobility low at low reaction temperatures and clearly higher when the
temperature was increased. In contrast sputtered ZnO films had a much higher resistivity, and

low mobility, compared to ALD grown films.

King et al. [209] showed that ZnO overlayers can be efficiently deposited on the surfaces of
primary particles using ALD processing in a scalable fluidized bed reactor. The DEZ and
water process was used at 177°C and the growth rate was found to be 0.2 nm/cycle. The

substrate particles were SiO; spheres to be applied in UV blocking cosmetics.

Fong et al [214] used in situ synchrotron X-ray scattering and X-ray fluorescence (XRF) to
study the initial nucleation stage and the growth during the first 16 cycles. The deposition was

performed at 125°C onto Si(100) substrate and DEZ and water were used as precursors.
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During the first 16 cycles ZnO remained amorphous and the growth was found to be
substrate-inhibited [215] forming islands instead of a conformal film. The growth rate was

0.42 nm/c between 6-10 cycles and decreased to 0.3 nm/c after 10 cycles of growth.

ALD grown ZnO films were deposited over the temperature range of 100-300°C onto glass,
silicon, and commercial GaN/Al,O; substrates for electrical applications. The obtained films

were polycrystalline with high mobility and low free electron concentration. [216-218]

In order to create conductive films onto cotton paper and fiber mat, ZnO was deposited at
115°C using diethylzinc (DEZ) and water as precursors [219]. ZnO on both cotton and paper
showed effective conductivity of up to 24 Scm™ '. The results showed that ALD can be
regarded as a feasible tool to attain well-controlled conductive and semiconductive coatings

on various fiber materials.
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3. Experimental methods

3.1 Film deposition

TiO, and ZnO films of thickness between 2.6 nm and 280 nm were grown by atomic layer
deposition (ALD). The deposition was carried out in a TFS-500 ALD reactor (Beneq Oy) at 5
~10 mbar (5%10-1x10* Pa) pressure (I-V). The titanium dioxide/metaloxide (TiO,/MeOx)
nanolaminates (I) were deposited with F-120 ALD reactor (ASM Microchemistry Oy).

Bottled nitrogen (Oy AGA Ab) or generated nitrogen of 99.999% purity was used as a carrier
and purging gas (INMATEC IMT-PN 1150, INMATEC GaseTechnologie GmbH & Co.KG).
In the TiO, process titanium tetrachloride (99.0%, Fluka) and deionized water were used as
precursors. The precursors were kept at 20°C during the deposition and their partial pressure
was adjusted with needle valves. In addition, Si (100) wafers were used in all depositions in

order to estimate the growth and the thickness of the films.

The precursors used for the TiO, process (I-IV) were titanium tetrachloride (TiCly) and
deionized water. The reaction temperatures were 250°C and 350°C. The precursors were
introduced into the reactor in a sequence of pulse (TiCly) — rinse (N2) — pulse (H,0) — rinse
(N2) of 0.6— 1-0.25-0.5 s. Soda-lime glass plates of 5 cmx5 cm were used as substrate
materials. The grown thicknesses were between 2.6 nm — 260 nm. The nanolaminates were
created by depositing the precursors in sequences. TiO,/WO; was created in two different
sequences: 9 x (200 x TiO, + 20 x WO3) and 17 x (100 x TiO, + 10 x WO3). All the other
nanolaminates were deposited with 17 x (100 x TiO, + 10 x MeO3) sequence. The growth rate
for TiO,/WOs was approximately 0.028 nm/cycle. The growth rate for TiO,/In;Os,
TiOy/Fe;03, and TiO,»/GayO; was estimated to be 0.051 nm/cycle. The nitrogen doped
titanium dioxide films were created by using titanium tetrachloride as a titanium source and

ammonium hydroxide solution as an oxygen and nitrogen source (IV).

ZnO films (V) were grown by using diethylzinc (Zn(C,Hs),) (DEZ) and deionized water as
precursors at reaction temperatures of 120 °C and 200 °C. The sequence of the deposition

were pulse (ZnO) — rinse (Nz) — pulse (H20) — rinse (N3) of 0.7— 1.5-0.5-1.0 s. Borosilicate
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glass plates of 5 cm x 5 cm were used as substrate materials. The thicknesses of the films
were between 45 nm and 280 nm. Additional series of ZnO films at both temperatures were
also created where aluminum oxide (Al,O3) films of 5, 10, and 15nm were deposited on top of
the ZnO films. Trimethylaluminum and deionized water were used at 220° C during Al,O;

deposition.

3.2 Film characterization

The ALD deposited films were characterized by various methods. The film thickness was
measured by two different methods. The crystalline structure of the films was studied by X-
ray diffraction (XRD). The morphology was examined by scanning electron microscopy
(SEM) and atomic force microscopy (AFM). Electrical resistivities were calculated from the
sheet resistances measured with a four-point-probe system. The hot probe tests were

performed for majority carrier polarity.

3.2.1 Film thickness

The film thicknesses were measured with a spectroscopic ellipsometer (M-2000FI,
J.A.Woollam Co., Inc. and with an optical thin-film measurement system F-20 (Filmetrics,
Inc.). Films that were deposited on Si(100) wafers were measured with the spectroscopic
ellipsometer since films deposited on reflective surfaces are more reliably measurable by the
ellipsometer. Films deposited on glass substrates were measured with an optical thin-film

measurement system, from which the refractive index of the film was estimated.

3.2.2 X-ray diffraction (XRD)

In XRD the X-rays are diffracted from the sample crystals to many specific directions. The
angles and intensities are detected and XRD pattern is formed which gives information about
the crystalline phases and orientations of the film material. The films were characterized by

X-ray diffractometer (XRD) (Phillips X'Pert) using CuKa radiation (A=1.54 A). The patterns
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were acquired with a glancing angle of 0.2° for the incident beam for a 26 range of 20—60°
with a step size of 0.02°. Based on the XRD patterns, grain sizes were calculated using
Scherrer’s equation [220]. The Scherrer’s equation relates the size of the particles of
crystallites and diffraction peak broadening. In addition to the crystallite size effect a variety
of reasons can contribute to the width of diffraction peak. The most usual factors are
inhomogeneous strain and lattice imperfections which both have been neglected in the
calculations. The correlation between the grain size calculated from the X-ray peak widths
and the SEM measurements suggested that these strain effects were not significant and a clear
difference was observed between different crystallite types. Together these justify neglecting

strain and lattice effects.

3.2.3 Scanning electron microscopy (SEM)

The morphology of the films was studied with a Hitachi S4800 field emission scanning
electron microscope with an operating voltage of 5 kV. In the SEM the sample surface is
scanned in a raster pattern with a beam of energetic electrons. The electrons interact with the
sample electrons producing various signals that can be detected and converted into image of

surface topography. The resolution of the S4800 SEM is given as 1.6 nm.

3.2.4 Atomic force microscopy (AFM)

A tapping-mode AFM was used to determine morphology, surface roughness, and surface
area of the films. AFM apparatus of CP-II Scanning Probe Microscope, Veeco Instruments
was used in the studies. The AFM consists of a cantilever with a sharp tip that oscillates
slightly above its resonant frequency. Above the sample surface, within a range of 1-10 nm,
there are van der Waals forces which affect the resonance frequency. The changes in the

frequency are then converted into images of the surface topography.
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3.2.5 X-ray photoelectron spectroscopy (XPS)

The elemental composition and the chemical and electronic states of the elements within the
film were measured with XPS. Aluminum or magnesium X-ray photons are used to irradiate
the material from the surface to the depth of about 10 nm. X-rays of sufficient energy will
eject electrons from the atoms and the kinetic energy and number of electrons will be
analyzed by an electron spectrometer. In the measurements an XPS —system of PHI 5400 was
used. A MgKa radiation (energy of 1253.6 eV) was applied at a pressure of 1:10° Torr
(1.33-107 Pa). Sputtering was performed using Ar” ions with beam energy of 3 keV and a
current of 2 pA. The beam was rastered over 3x3 mm® hence the mean beam current density
was 0.22 pA/mm’. Binding energy was referenced in all samples to carbon 1s line assuming
energy of 284.8 eV. The resulting XPS peaks were fitted by using XPSPEAK4.1 software
applying a Shirley type background and Gaussian peaks.

3.2.6 UV-Vis spectroscopy

A light wave can be absorbed, reflected or transmitted by the sample material. The absorption
of UV or visible radiation is caused by the excitation of outer electrons of the sample material
which are ejected from their ground state to an excited state. Absorption spectra were
measured for methylene blue solution in order to determine degradation state of the
molecules. Transmission spectra of the films were measured in order to estimate band gaps. A
UV-VIS spectrophotometer Evolution 500 (Thermo Electron Corporation) was used in these

measurements.

3.2.7 Band gap evaluation

The transmittances of the films were measured for a wavelength range of 200-900 nm and the
band gaps were evaluated by Tauc’s method [221,222]. The Tauc plot for a direct band gap
was chosen first since rutile is found to have a direct band gap. However, the results showed

unrealistically high band gaps. In addition amorphous and anatase films are found to possess
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indirect band gaps. Consequently the indirect plot was chosen where the term (cthv)"? is

plotted as a function of (hv), where o = absorption coefficient, h= Planck’s constant, and
frequency v = ¢/A where ¢ = speed of light, and A = wavelength. The optical band gap is

estimated from the intersection of the linear extrapolated line with the horizontal axis (hv).

3.2.8 Electrical measurements

Resistivities of the films were calculated from the sheet resistances which were measured by a
four-point-probe. The measured sheet resistance was multiplied with the film thickness in
order to get the film resistivity. The measurements were performed with a Keithley Source
meter and Cascade Microtech 4-point probe station. The polarity of the majority carriers
within the films was determined using the hot probe measurement. The measurement is
prepared by connecting a couple of wires to a sensitive electrometer. A heated probe, called a
hot probe is connected to the positive terminal and the other, called a cold probe is connected
to the negative terminal of the meter. When the probes are placed on an n-type semiconductor
a positive potential is measured on the hot probe while when placed on a p-type
semiconductor a negative potential is measured [223]. The polarity was measured after taking

the samples from dark storage and again after 30 min of UV irradiation.

3.3 Photoactivity and Photocatalytic measurements

3.3.1 Contact angle measurement

The changes in the hydrophilicity were measured with water contact angles. TiO, films were
irradiated under an 8W UV lamp with a wavelength of 254 nm. The films were kept 10 cm
from the lamp. The water contact angles were measured immediately, and after 15 and 30 min
of irradiation. The contact angles were measured with a contact angle measuring system DSA

10 (Kriiss GmbH).
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3.3.2 Methylene blue degradation test

Photocatalytic degradation measurements were conducted with methylene blue (MB) tests
which were carried out as follows. Titanium dioxide films on a glass plate (5 cmx5 cm) were
first photoactivated in air by UV irradiation for 45 min. An 8 W UV lamp with a wavelength

of 254 nm was used as a UV radiation source. The distance of the sample from the lamp was
10 cm. After preactivation, titanium dioxide films were placed in a 1 L beaker with 100 mL of
an aqueous solution of methylene blue with concentration of 1x10™> mol/L, 2-3 mm from the
liquid surface. The test system was kept under the UV lamp for 4 h in ambient temperature.
The UV lamp was placed above the beaker and the distance from the lamp to the titanium
dioxide films was 15 cm. The power flux of the UV lamp at distances of 10 — 20 cm was
estimated to be 3.8 mW/cm?. The absorption spectra of the MB solution samples were
measured with the UV-VIS spectrophotometer. In order to eliminate the effect of possible
methylene blue adsorbance the TiO, films were kept in the solution in darkness without
photoactivation. The UV-Vis absorbance of the solution was measured before and after the

test.

3.4 Antibacterial studies

3.4.1. Bacterial attachment

A fresh shake culture of E.coli was prepared in sterile LB medium by shaking at 37 °C and
200 rpm for 18 h. An exponential growing culture was obtained by dilution with sterile LB
medium to an absorbance of 0.1 at 600 nm and shaking to an absorbance of 0.5 at 600 nm
which correspond to a concentration of to 1.5 x 10° CFU mL™". Samples (2.5 ¢cm x 2.5 cm,
6.25 cm?) and silicon wafer control were placed in a 6-well culture plate (Greiner, Germany)
and submerged with 2 mL bacteria dilution, covered with a lid, sealed with parafilm and
incubated on a horizontal shaker (Innova 44, New Brunswick Scientific) at 37 °C for 24 h.
Then the samples were placed in a fresh 6 well culture plate and washed 4 times with saline.

Bacteria attaching to the films were stained with Live/Dead BacLight Bacterial Viability Kit
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(Life Technologies, Germany) according to the supplier’s protocol. The bacteria were imaged
on an inverted microscope (Olympus IX-70) equipped with a 100 W mercury lamp, a 20x
phase contrast objective and a CCD camera (F-View, Olympus) for digital imaging. Living
bacteria stained with SYTO 9 (green) were excited with a band pass filter at 470 nm to 490
nm and the emission was detected by 520 nm. Dead bacteria cells stained with propidium
iodide were excited with a band pass filter at 530 — 550 nm and the emission was detected by

590 nm. Image processing performed with CellSens Dimensions 1.5 (Olympus) and ImageJ

(Fiji).

3.4.2. Antibacterial activity

ZnO films were used to determine their antibacterial activity in the darkness without
photocatalytic effect. A fresh shake culture of Escherichia coli (E.coli K-12 wildtype, K-12
DSM 498, ATCC 23716) was prepared as described above and the bacteria were diluted with
minimal LB to correspond to a concentration of 1.0 x 10° CFU mL™". The bacteria solutions
were adjusted with KH,PO, buffer (0.3 mM, pH 7.2, sterile) to ~2.5 x 10° CFU mL". ZnO
films (triplicate, 2.5 x 2.5 cm) were submerged in 7 mL bacteria dilution. Uncoated
borosilicate glass (2.5 x 2.5 c¢cm) served as control samples. All samples were incubated on a
horizontal shaker (Innova 44, New Brunswick Scientific) at 37 °C and 150 rpm for 1 h. The
bacteria concentration were determined at Tpand T, by serial dilutions in saline (undiluted,
1:25, 1:125), plating of an 50 pL aliquot on agar plates and incubation for 24 h at 37 °C to
give an estimate of viable cell count as CFU mL™. The mean value and standard deviation
was calculated from the serial dilutions of each sample. The percent of bacterial reduction was
calculated from treated sample (A) directly compared to untreated control (B) at T;, where

reduction is deﬁned by R, % (CFU mL'l) = (B CFU mL_l —A CFU mL_l )/B CFU mL_l x 100.

4. Results and Discussion

The purpose of this work was to study the growth and crystalline structure of ALD deposited
TiO, and ZnO thin films and understand their effect on the characteristics of the materials.

The most important results are presented here and in detail in papers I-V. Undoped and doped
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TiO, films have been studied and compared in paper I. The effect of film thickness and grain
size on the growth and crystalline structure of ALD grown TiO; thin films is presented in
paper IIL. In addition the crystalline structure and synergy between different phases have been
found to produce enhanced photoactivity and photocatalytic properties [II]. Majority carrier
polarity has been found to contribute to the performance in photoactivity and photocatalytic
property [III] and p-n junctions in TiO, have been proposed to account for high
photocatalytic property. Successful nitrogen doping TiO, films has resulted in improved
photocatalytic performance [IV]. Dissolution of Zinc*" ion has been shown to take place from
ALD grown ZnO films [V]. ALD grown ZnO films without photoactivation have shown
immense performance in antibacterial studies. The result confirms that ZnO does not need

photon energy for its bactericidal function [V].

4.1 The effect of film thickness and structure on TiO; photoactivity and photocatalytic

properties

A series of TiO, films with thicknesses of 2.6 nm-260 nm were deposited using the TiCly and
H,O ALD-process [LII]. According to the AFM images even the films with thickness of 2.6
nm was showing particle like growth. Nevertheless the first film where a crystal phase
appears clearly in an XRD pattern is the 15 nm thick film. The XRD indicates only anatase
(101) orientation but the AFM images show film growth with various shapes of grains. Rutile

grains appear as facetted whereas the anatase grains are spherical (Fig. 14) [224-226].

The thermodynamical and experimental studies with nanoparticles concluded that the most
stable particle size was < 14 nm [150] and beyond that value anatase would transform into
rutile. In this study the grain size of anatase in the 15 nm film where the first rutile phase had

appeared was evaluated to be 13.3 nm which corresponds with the nanoparticle studies.
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Figure 14. AFM tapping mode images of titanium dioxide films of various thicknesses. F and
S indicate typical facetted and spherical grains, respectively [Fig3,I]. Reprinted with
permission from Elsevier ©2009.

In the contact angle studies the 2.6 nm film showed poor photoactivity. This may be due to
likelihood that the film did not cover the whole substrate surface, although the film appears

continuous in the AFM image.

The thickest rutile dominating film possessed also weaker photoactivity than anatase or
anatase-rutile —mixture films (Fig. 4, II). The difference between anatase and rutile may be
due to different recombination rates. Anatase is an indirect band gap semiconductor and rutile
has been found to possess a direct band gap [104]. The direct band gap has been proposed to
cause the higher recombination rate preventing the formation of hydroxyl groups which
would make the TiO, surface hydrophilic. Nevertheless in Chapter 4.3 (Table 2, IV) Tauc’s
method for the indirect band gap was used also for rutile since the direct method was found to
present too high band gap values. This may be an indication that also rutile has an indirect
band gap. Rutile has been found to be more prone to oxygen vacancies which attract water
molecules and can dissociate them into pairs of nearby bridging hydroxyl groups [95]. It is
possible that rutile in these ALD grown TiO, films is more defect free and the oxygen
vacancy density is low. In addition there have also been controversial studies where DFT-
calculations have shown that water does not dissociate on rutile at all [99]. Nonetheless the
results show that photoactivity decreases with increasing amount of rutile phase within the

film. The best photoactivity was found for the 15 nm film which consisted of anatase (101)
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with a small amount of rutile (110) phase present. The best photocatalytic performance was
also found with the 15 nm thick film. There have been several investigations which have
shown that good photocatalytic activity is reached where there is anatase and rutile synergy. It
has been claimed that the existence of anatase and rutile phases leads to a separation of
photogenerated holes and electrons which reduces their recombination rate. The surface areas
and grain sizes in all the films were similar and therefore had no effect on the photocatalytic
activity (Tables 1,2, II). Additionally film thickness was only significant due to the changes
in the crystalline structure of the TiO, films. The most important factor for high photoactivity
and photocatalytic performance was the anatase/rutile phase ratio. In paper I TiO, films were
doped with transition metals by creating TiO,/MeO3 nanolaminates and with nitrogen by
using NH4OH -—solution as nitrogen and oxygen source. The results showed that all the
nanolaminates films showed inferior photoactivity and photocatalytic activity than undoped
TiO; films (I). The nitrogen doped films performed well in photoactivity tests and showed

improved photocatalytic performance compared to undoped films.

4.2. The effect of majority carrier polarity on photoactivity and

photocatalytic activity of TiO, films

Majority carrier polarity was studied on several TiO, films with different crystalline phases
and orientations (IIT). Two series of TiO, films with various thicknesses were deposited at
250°C and 350°C reaction temperatures with the ALD TiCly-H,O —process. The polarity was
examined with a hot probe test [223]. The hot probe test was performed right after the TiO,
films were taken from dark storage and after 30 min of UV irradiation. It was discovered that
all the anatase or anatase dominating films were p-type before and after the irradiation [Table
1, III). The definition for a p-type semiconductor is that the charge carriers are holes and
there are excess of holes in the TiO; structure. Since oxygen vacancies have been found to
cause n-type doping in materials, it can be deducted that these ALD-grown anatase films are
free of oxygen vacancies. This result coincides with the earlier findings that the formation of
oxygen vacancies on anatase is difficult and therefore molecular water is found to adsorb on
anatase surface [91,98]. Based on the hot probe tests rutile and rutile dominating films were
n-type. In n-type material the charge carriers are electrons and there is an excess of electrons

within the structure. The n-type doping is often caused by oxygen vacancies. Rutile is prone
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to have oxygen vacancies since its surface structure contains two-fold coordinated

(undersaturated) ‘bridging’ oxygens which are easily removed by thermal annealing [74].

The contact angle tests (Fig.2, III) showed clearly that p-type anatase outperformed n-type
rutile in photoactivity. The rutile films that did not contain anatase phase maintained the
highest contact angles even during UV-irradiation. The results showed a different trend when
the photocatalytic activity was measured. All the TiO, films containing only anatase phase
were inferior in photocatalytic tests. Also a film with rutile dominance acted more poorly than
the anatase dominating films. The films which were anatase dominating with some growth of
rutile phase seemed to possess the highest photocatalytic activity. It was proposed that p- type
anatase and n-type rutile form p-n junctions in the TiO, which can cause carrier separations
and therefore decrease the recombination rate (IIT). The proposed p-n junction is presented in
Figure 15. A similar heterojunction has been proposed by Zhang et al. with p-type NiO/n-type
ZnO [227].

p-type anatase n-type rutile

hole tra!\'sfer
i » electron
! e—
Electric field €D hole

Figure 15. The electron-hole separation due to p-n junction during UV-irradiation of TiO,
containing dominating anatase phase with small amount of rutile.

A p-n junction is formed when electron transfer takes place from n-type rutile to p-type

anatase and hole transfer takes place from p-type anatase to n-type rutile. The carrier diffusion
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continues until the system achieves equilibrium. At the same time an electric field is formed
in the interface due to the carrier transfers. During UV-irradiation with sufficient photon
energy to excite the electrons on both anatase and rutile, the electrons from the valence band
(VB) will move to the conduction band (CB) and an equal amount of holes is generated. After
excitation the electrons will transfer from the anatase conduction band to a lower energy rutile
conduction band and in contrast the holes will transfer from the rutile valence band to the
anatase valence band (Fig. 15). This results in the separation of electron-hole —pairs and in
reduced recombination. The life span of charge carriers may therefore increase resulting in

enhanced interactions with adsorbed species (H,0, O,).

4.3 Nitrogen doping of ALD grown TiO, films

TiO, films were grown using a TiCly and ammonium hydroxide —water —solution (NH4OH).
NH4OH was used as an oxidant and simultaneously as a nitrogen source for doping (IV). The
results from XPS spectra showed that N1s peaks were found for doped samples at 398.9-
399.1 eV which indicated interstitial N-doping (Fig.3A,IV). Interstitial doping has been found
to occur when there is an excess of nitrogen and oxygen in the process [184]. In addition N-
doping effect was possibly seen as a change in the band gap of 260 nm films. The undoped
film had a band gap of 3.2 eV whereas the value for doped films was 3.1 eV.

Based on the hot probe measurements all N-doped and undoped anatase dominating films
were p-type. All N-doped and undoped rutile dominating films were n-type. Consequently the
N-doping had not influenced the majority carrier polarity (Table 3,IV).

The photoactivity was affected by the N-doping. The doping seemed to be deleterious
especially for rutile films where the photoactivity decreased in all rutile dominating films
when undoped and doped samples were compared (Fig.4,IV). Interstitial N-doping has been
suspected of preventing the formation of oxygen vacancies which would otherwise dissociate
water molecules into hydroxyl groups. In fact the XPS results indicated that the doped
samples had less chemisorbed water on their surface and that the doping had affected the
hydrophilicity of the rutile dominating films (Fig.3C,IV). The 15 nm thick doped A-sample

showed superhydrophilicity and also anatase films in the B-series showed good photoactivity.
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The best photocatalytic activity in all doped and undoped series was achieved with anatase
dominated films with a small amount of rutile (Fig.5,IV). The photocatalytic activity
increased to 260% when comparing the doped A-series and undoped series (Fig.16). Since the
N-doping was found to increase the conductivity of the doped series (Fig.6,IV), it was
concluded that the higher conductivity together with the existence of p—n junctions enabled

the higher photocatalytic conductivity.
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Figure 16. Methylene blue degradation of doped A-Series, doped B-series, and undoped
series films (Fig.5,IV). Reprinted with permission from Elsevier ©2009.

4.4 Zinc release from ALD-grown ZnO thin films and its bactericidal effect

on Escherichia Coli

ZnO films with various thicknesses were grown on borosilicate glass substrates by atomic
layer deposition (ALD) using DEZ and deionized water as precursors at reaction temperatures
of 120 °C and 200 °C. An additional series of films at both temperatures were coated with
aluminum oxide (ALOs3) films of 5 nm, 10 nm, and 15 nm thicknesses (V).
Trimethylaluminum and deionized water were used at 220°C in Al,Os deposition by ALD.

Zinc release from ZnO films was studied by immersing the samples in deionized water and
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phosphate buffered saline solution (PBS) which is commonly used as body fluid simulant in
biological studies. Two variable tests were performed. The first dissolution took 24 h and zinc
containing elution was collected for concentration analysis. A long test took 38 days during
elution samples were collected every 24 h. The zinc release was analyzed from the elute-
containing solution with inductively coupled plasma mass spectrometry (ICP-OES). The
results showed no evidence that the film thickness or ZnO crystal structure would affect the
dissolution of zinc from ZnO films (Fig.2,V). Using the zinc film density and the sample area
the released zinc mass was converted into a decrease in the ZnO film thickness (Figs.3,4,V).
In figure 3, a plateau shows that the rate of elution has decreased almost to zero at
approximately 10 days. It is possible that the 5 nm Al,O; film does not produce complete
conformal coverage of the underlying zinc oxide thus the zinc oxide is immediately exposed
to the solution at certain points on immersion. The blocking effect becomes clear with 10 nm
and 15 nm Al,O; coatings. Aluminum oxide showed an effective buffering effect; only a 10
nm layer buffered the zinc release for 18 days in water and 16 days in PBS (Figs.3,4,V). The
buffering effect of Al,O; is presented in Figures 17 and 18.
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Figure 17. The decrease in ZnO film thickness during the dissolution test in deionized water
(Fig.3,V).
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Figure 18. The decrease in ZnO film thickness during the dissolution test in PBS solution
(Fig.4,IV).

Antimicrobial activity was studied in dark conditions by exposing two different zinc oxide
films of 45 nm and 280 nm from 200 °C series for 24 h to a bacteria suspension of 1.5x10°
CFU/ml of Escherichia Coli at 37 °C. The results showed that ZnO films were highly
efficient and both 45 nm and 280 nm thick films destroyed Escherichia Coli by 99.7% and
99.5%, respectively (Fig.19). The results indicated that photoirradiation is not required for
bactericidal effects. The result opposes other studies which have suggested that photocatalytic
generation of hydrogen peroxide would be a principal mechanism for antibacterial effect
[200,228]. ZnO nanoparticles have also been proposed to destroy bacteria by penetrating the
cell envelope [203,204]. In other studies the dissolution of Zn*" ions has been successfully
applied [205,206]. Since ALD films do not produce any nanoparticles, the zinc ions are
probably responsible for the antibacterial properties of ZnO thin films.
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Zn0 film (45 nm) control

Figure 19. Antimicrobial activity of ZnO films. Images showing E.coli colonies (CFUs,
colony forming units) on agar plates which have been in contact with ZnO films (45 nm and
280 nm) and borosilicate glass control for 24 h in the dark. (Fig.7,IV).

5. Conclusions

ALD grown titanium and zinc oxide thin films have been investigated in photoactivity,
photocatalytic activity, and bioactivity measurements. The crystal structure has been shown to
be a central factor in the photoactivity and photocatalytic properties of TiO,. Beside the
crystal structure electronic properties are important in determining the performance of a
semiconductor. The TiO, structure can be modified by doping which cause changes in its
resistivity, photoactivity, and photocatalytic performance. ALD grown ZnO films are highly
antibacterial. Zinc release from the ZnO film can be the cause for bactericidal effect.
Aluminum trioxide can be used as a buffer film to control zinc release from ZnO films

efficiently.

The most critical factor for obtaining a highly active titanium dioxide photocatalyst is the
optimization of the anatase/rutile phase ratio. The anatase/rutile ratio changes when TiO, film

thickness increases. Consequently the film thickness is not important itself but significant due

60



to the effect on the TiO, crystal structure. The highest performance in both photoactivity and
photocatalytic activity can be observed with films which consisted of preponderantly anatase

phase and small amount of the rutile phase.

A relation between majority carrier polarity and crystal structure has been discovered. The
polarity of the anatase-dominant films has been demonstrated to be p-type whereas the rutile
dominant films are always n-type. It is proposed that the superior photocatalytic property of
the anatase dominant mixture of phases is due to the formation of p-n junctions in the TiO5.
When the irradiation energy excites electrons to the anatase conduction band, the p-n junction
then allows them to transfer to the rutile conduction band which is at a lower energy. In
contrast the holes will transfer from the rutile valence band to the anatase valence band. This

results in the spatial separation of electrons and holes and in reduced recombination.

Nitrogen doping has been found to improve the photocatalytic performance of TiO, films.
However the photoactivity was reduced by N-doping especially in rutile dominant films. N-
doping did not cause any changes in the majority carrier polarity of anatase and rutile. The
film resistivity measurements showed that the doped TiO; films have higher conductivity than

the undoped TiO; films.

Zinc release has found to take place from ALD grown ZnO films when immersed in water or
PBS solution. ZnO films have proven to be highly antibacterial in dark conditions needing no
photoirradiation. Therefore it is probable that the Zn>* -ion is the major factor in the
antibacterial mechanism. ALD grown Al,Os film has proven to be an efficient buffer layer for
zinc dissolution. A combination of controlled ZnO and AlL,O; thin films can be used to
determine a time sequence of antibacterial activity and the onset of the activity can be delayed
by the thickness of the Al,O3 layer. These results also indicate that a multilayer nanolaminate
structure of alternating ZnO and Al,O; films could be used to tailor a complex sequence of

high and low antibacterial activity which would be useful in medical applications.

The results in this work show the importance of understanding the structure of materials and
its relation to various properties. The applied ALD thin films are often on a nanometer scale
which determines higher requirements for the testing and material characterization methods.

Mathematical modeling for reconstructing material surfaces and structures are of great
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support for understanding experimental results. In addition, comprehension of electrical

properties and their relation to surface and bulk structure have become even more significant.

It is known that temperature and substrate material affect the growth and crystalline structure
of ALD deposited films. This has been realized also in this work where different deposition
temperatures and substrates have been applied for TiO, and ZnO films. Nevertheless there is
a wide range of temperatures and substrate materials to be investigated more thoroughly in the
near future. The low temperature deposition range has become important in recent years due
to the applications in flexible and paper-based electronics. In addition air and water
purification processes use often polymer or cellulose membrane materials where low
temperature ALD-coatings can be applied. Antibacterial coatings and medical applications are
another growing area where effective films are needed. ALD offers opportunities in a wide

range of applications but concurrently each case needs intensive detailed research work.
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ABSTRACT

Atomic Layer Deposition (ALD) has been used to deposit
undoped, doped and nanolaminate structures based on ti-
tanium dioxide and the dependence of their photocatalytic
activity on the film structure has been studied. The activity
of undoped films has been found to reach its peak at a certain
film thickness. The reason for this may be the quantum size
effect. Titanium dioxide films have been also doped by transi-
tion metals and nitrogen. Nitrogen has proven to be the best
dopant to increase the photocatalytic activity.

INTRODUCTION

The extensive interest in titanium dioxide has taken place
due to its high photocatalytic activity, nontoxicity and
physicochemical stability. Photocatalytic titanium dioxide
thin films are important in processes where the degradation
of organic molecules is required. Titanium dioxide is also a
photosemiconductor and has been widely studied in solar cell
and hydrogen production.

Atomic Layer Deposition (ALD)' is asurface controlled layer-
by-layer process for the deposition of thin films with atomic
layer accuracy. Each atomic layer formed in the sequential
process is a result of saturated surface controlled chemical
reactions. Commonly, in the growth of binary compounds
such as metal oxides, a reaction cycle consists of two reaction
steps. In one step the metal compound precursor is allowed
to react with the surface, and in the other step it reacts with
the oxygen precursor. Between the steps a purge is applied to
remove the excess of precursor and the reaction by-products.
The self-controlled growth mode of atomic layer deposition
contributes several advantages. The thickness of the films can
be controlled in a straightforward manner by controlling the
number of reaction cycles, therefore enabling the controlled
growth of ultrathin layers. The precursors form stoichiometric
films with large area uniformity and conformality even on
complex surfaces with deformities. Layer-by-layer growth
allows one to change the material abruptly after each step.
This gives the possibility of depositing multicomponent films
(so called nanolaminates or mixed oxides, for example).

The photocatalytic activity of titanium dioxide may be

modified by changing its physicochemical properties such
as crystallinity, crystal structure, particle size, and surface

© 2007 Society of Vacuum Coaters 505/856-7188

area. Deposition of thinner, nanoscale films and perhaps films
possessing smaller crystal sizes may also result in enhanced
photoredox potential for photogeneration of electrons and
holes. According to quantum theories the excitation energy
of small semiconductor crystals is higher from that of a larger
sized semiconductor?. This is based on the phenomenon that
for semiconductor nanoparticles the conduction and valence
bands may be shifted towards more negative and more posi-
tive potentials, respectively, accordingly increasing the band

gap.

Although there are numerous studies performed on titanium
dioxide films, a comprehensive study of the effect of film
thickness on photoinduced oxidation and catalytic activ-
ity has not been made. Tada and Tanaka® conclude in their
study that the rate of photoinduced oxidation increases with
increasing thickness. Studies claim that the best photocata-
lytic properties occur at thicknesses of several hundreds of
nanometers®. Generally the studies have concentrated on the
films having thicknesses larger than 100nm. In this study we
have deposited a series of thicknesses of titanium dioxide in
order to investigate the photocatalytic properties of thinner
films. The range of thicknesses has been between 2.6nm
and 260 nm. The bandgaps have been calculated for all the
films. The photoactivity and photocatalytic activity have been
measured by contact angle and methylene blue degradation
tests, respectively.

One widely used method for enhancing the photocatalytical
properties of titanium dioxide has been to dope it with impuri-
ties. Transition metals and other materials like sulfur, carbon,
calcium, phosphorus, nitrogen, fluorine, and samarium ion
have been utilized in doping®*'. The anatase form of TiO,
has been discovered to have the highest photoreactivity. The
bandgap of bulk anatase is E = 3.2V which corresponds
to a wavelength of 388eV whereas the bandgap of rutile is
lower, about Eg=3 eV (equivalent to 414nm). The goal has
been to lower the bandgap of the anatase to the visible area.
We have used transition metal oxides and nitrogen for dop-
ing. Doping of the films and incorporation of other oxides
as nanolaminates have been tested in order to increase the
photoactivity or increase the wavelength of photoactivation.
The effect of the nanolaminate sequence and layer thickness
on the photoactivity and photocatalytic activity has been
scrutinized.
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EXPERIMENTAL

Materials and Deposition

The precursors for plain titanium dioxide deposition were
titanium tetrachloride (99.0% Fluka) and ion exchanged
water. For doped titanium dioxide films iron(III) chloride
(99.99% Aldrich), indium(III) chloride (99.999% Aldrich),
gallium(III) chloride (99.9% Aldrich), and ammoniain water
(>25% Aldrich) were used as precursors.

The titanium dioxide films were deposited in a TFS-500 ALD
reactor (Beneq Oy, Vantaa, Finland). The doped titanium
dioxide films were deposited in a flow-type F-120 ALD reac-
tor (ASM Microchemistry Oy, Helsinki, Finland). Soda-lime
glass plates of 5 cm x 5 cm and ¢2mm glass balls were used
as substrate materials. Nitrogen (99.999%, AGA) was used as
a carrier and purging gas. The reactors were operated at 5-10
mbar pressure. The precursors were kept at 20°C during the
deposition and the deposition temperature was 350°C.

Characterization of the structural and photoactive
properties of the film

The film thicknesses above 50nm were measured by the op-
tical thin-film measurement system F-20 (Filmetrics, Inc.).
Thicknesses lower than 50nm were calculated by linear growth
estimation. The crystallinity of the films was examined by
microRaman spectrometer HR800 UV (Horiba Jobin Yvon)
and with the x-ray diffractometer (XRD) using CuKa radia-
tion (Phillips X Pert).

The water contact angles were measured with a contact an-
gle measuring system DSA 10 (Kriiss GmbH). An 8W UV
lamp with a wavelength of 254 nm was used as a radiation
source.

Tapping mode atomic force microscopy (AFM) (CP-II
Scanning Probe Microscope, Veeco Instruments) was used
for morphology images and surface area determination. Ab-
sorption spectra of the films were measured with UV-VIS
spectrophotometer evolution 500 (Thermo Electron Corpo-
ration). The bandgaps of the films were estimated using the
Tauc theory for indirect bandgaps.

Photocatalytic degradation measurements were conducted
with methylene blue (MB) tests. Titanium dioxide films on
a glass plate (5cmx5cm) or on glass balls (600) of g2mm
were first photoactivated by UV irradiation for 45 min. The
distance of the sample from the lamp was 10cm. Titanium
dioxide films were then placed in a 1 L beaker with 100 ml of
methylene blue with concentration of 1.0x10 mol/l, close to
the surface (2-3mm). The test system was kept under the UV
lamp for 4 or 6 hours in ambient temperature. The distance
from the UV lamp to the titanium dioxide films was 15 cm.
Absorption spectra of the MB solution samples was measured
with a UV-VIS spectrophotometer.
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RESULTS AND DISCUSSION

Film deposition

The plain titanium dioxide films were grown from titanium
tetrachloride and water. From the thickness measurements the
growth rate was estimated to be 0.55 A/Cycle. Eight films of
various thicknesses were grown: 2.6nm, Snm, 10nm, 15nm,
30nm, 65nm, 130nm, and 260nm.

The nanolaminates were created by depositing the precursors in
sequences. TiO,/WO, was created in two different sequences:
9 x (200 x TiO, + 20 x WO,) and 17 x (100 x TiO, + 10 x
WO,). All the other nanolaminates were deposited with 17
x (100 x TiO, + 10 x MeO,) sequence. The growth rate for
TiO,/WO, was approximately 0.28 A/cycle. The growth rate
for TiOz/In203, TiOz/FeZOB, and TiOz/GazO3 was estimated to
0.51 A/cycle. The nitrogen doped titanium dioxide films were
created by using titanium tetrachloride as a titanium source and
ammonium hydroxide as an oxygen and nitrogen source.

Structure and morphology of the film

The microRaman spectrum in Figure 1 shows that the film
structure for the thicknesses of 10nm-260nm is a mixture
of anatase and rutile. It may be possible that the crystalline
structure of the films of 2.6 and 5Snm are not detected by Ra-
man spectrometry due to nanocrystallinity. A microRaman
spectrum was also taken on the doped titanium dioxide. The
spectra showed that the crystal structure is anatase. This was
also shown by the x-ray diffraction measurements.

Intensity, a.u.
H

100 200 300 400 500 600 700 800 900
Raman shift, cm-1

Figure 1: MicroRaman spectra for titanium dioxide films with

various thicknesses.

Tapping-mode atomic force microscopy images were taken
in order to study the morphology and surface area. The im-
ages were processed by WS&M? 4.0 software. Figure 2
shows the images of Snm, 15nm, 65nm, and 260nm thick
titanium dioxide films. It appears that the particle size starts
to increase significantly after reaching the film thickness of
30nm. The image with 15nm shows some interesting forma-
tion of particle growth on top of previous particle layer. The
AFM image of 2.6nm film is not shown in this paper but the
image showed that the substrate surface was fully covered by
titanium dioxide and the particle size distribution was wider



than in the 5nm film. The surface areas based on the AFM
topography images are presented in Figure 4. The films with
thicknesses of 2.6, 5, and 10nm seem to possess the same
surface area. From 15nm up the surface area increases some
amount but generally there is no trend or bigger changes in
accordance to film thickness.

Figure 2: AFM tapping mode images of 5, 15nm (first row left
to right) and 65, 260nm (second row left to right) thick titanium
dioxide films.

Photoactivity and photocatalytic properties

Film Thickness

Water contact angle measurements were performed in order to
study the photoactivity of the films. Titanium dioxide coated
glass plates were irradiated with UV light. The results for the
plain titanium dioxide films are presented in Figure 3. Ac-
cording to Figure 3 the photoactivity is smallest at the film
thickness of 2.6nm and surprisingly biggest at the thickness
of 15nm. The thicknesses of 5, 10, 65, and 130nm perform
similarly but again unexpected is that the film thickness of
260nm performs worse than any of the 5 thinner films.

Next the photocatalytic activity of the films that were depos-
ited onto glass balls has been tested by methylene blue (MB)
degradation test. The test was run for 4 hours. The results of
the MB degradation test are presented in Figure 4. Figure 4
shows the decrease of methylene blue concentration for several
film thicknesses of titanium dioxide. The degradation test was
also performed for the titanium dioxide plates that were not
deposited at the same time with films on the balls. The results
are shown in Figure 5 and it shows the first-order reaction
kinetics for methylene blue degradation by photoactivated
titanium dioxide film. Figure 5 presents also a result from a
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Figure 3: Water contact angles of titanium dioxide films with various
thicknesses as a function of UV irradiation time.

test with nitrogen doped titanium dioxide film. This result is
discussed later in the paper. From both Figures 4 and 5 we
can see that the film with the thickness of 15nm is shows the
highest photocatalytic activity which is in agreement with the
contact angle results. The photocatalytic activity increases
with the film thickness up to the point of 15nm and at 30nm
it starts to decrease. The peak performance at 15nm thick-
ness cannot be explained with the results of crystallinity and
surface area which have been discussed earlier in this paper
(Figures 1, 4). There is not enough information on the crystal
size and crystallinity that could explain why this particular
thickness area would be the most photoactive. Also accord-
ing to Figure 4 the surface area does not show any peak at
15nm thickness which would explain the high photocatalytic
activity. The reason may be in the AFM topography resolu-
tion so that the microscopy has not detected the smaller
material particles resulting in false surface area values. The
surface area vs. thicknesses (Figure 4) for all the films do not
indicate why a certain thickness would be photocatalytically
most active. Therefore further studies on the films have to
be performed with careful scrutiny on the film structure has
to be performed.

Doped Titanium Dioxide Films

Water contact angle measurements were conducted on the
100nm thick undoped titanium dioxide film, TiO,/WO,
(d=60nm), TiO,/In,0, (d=100nm), TiO,/Fe,O, (d=100nm),
TiO,/Ga,0, (d=100nm) and TiO, N (d=100nm) films. Tita-
nium dioxide coated doped glass plates were irradiated with
UV light. The results are presented in Figure 6. Nitrogen
doped titanium dioxide film shows the highest photoactivity.
The other dopants have reduced the photoactivity of titanium
dioxide. This can also be seen in Table 1 where the bandgaps
of titanium dioxide doped with other elements have increased
from the bulk anatase value of 3.2 V. The nitrogen doped film
has a clearly decreased bandgap of 2.8-2.9eV. These values
correspond to visible light of wavelength A=428-433nm.
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Figure 5: Methylene blue degradation with various plain titanium
dioxide films and one nitrogen-doped film as afunction of irradiation
time.

Next the photocatalytic activity of the films that were depos-
ited onto glass plates has been tested by the methylene blue
(MB) degradation test. The tests have been run for 6 hours.
As was expected based on Figure 6 the dopants which had
decreased the photoactivity of the titanium film have per-
formed inadequately in the methylene blue degradation test.
Only the nitrogen doped titanium dioxide film has performed
well. As seen in the Figure 6 the doping with nitrogen has
been successful and Figure 5 shows that the photocatalytic
activity has exceeded the activity of the best performing
titanium dioxide film.
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Figure 6: Water contact angles of doped titanium dioxide films as
a function of UV irradiation time. All film thicknesses are 100nm,
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Table 1: Bandgaps and film thicknesses for plain titanium dioxide
films and doped titanium dioxide films. A=TiO /WO ,, B=TiO /In,0 ,
C=TiO,/Fe,0, D=TiO,/Ga,0, E=TiO, N, F=TiO, N..

2y 2y
Undoped TiO;
d,nm 28 | 5 [ 10 | 15 | 6 | 130 | 260
Eg eV a7 )] 3aF | @By | @es | o4 | 48 | &2
Doped A B c D E F
Tio,
| d, nm 60 100 100 100 100 160
Eq eV 33 335 32 | 33 28 28
CONCLUSIONS

In this study we have found enhanced photoactivity and
photocatalytic activity within the nanoscale thickness of
titanium dioxide films. This result has been explained by
quantum effects. Film thickness of 15nm seems to possess
the best photoactivity. The peak performance at certain na-
noscale thickness cannot be explained yet and needs further
scrutiny. Additionally we have doped titanium dioxide films
and nitrogen doped titanium dioxide film has shown to be
carrying the highest photocatalytic activity.

ACKNOWLEDGEMENTS

We want to thank our co-operators in Nanoscale Oy, Lahti,
Finland. We also thank Miktech Oy and Mikkeli University
Consortium, Mikkeli, Finland for funding this project.



REFERENCES

1.

10.

11.

12.

M. Ritala, M. Leskel4, in: H.S. Nalwa (Ed.), Handbook
of Thin Film Materials, Vol.1, Academic Press, New
York, 2002, pp. 103-159

C. Murphy and J. Coffer, “Quantum Dots: A Primer,” Ap-
plied Spectroscopy, Vol. 56, No. 1, 2002, pp. 16A-27A

H. Tada and M. Tanaka, “Dependence of TiO, Photo-
catalytic Activity upon Its Film Thickness,” Langmuir,
Vol. 13, No. 2, 1997, pp.360-364

M. Tazawa, Okada, M, Yoshimura, K., Ikezawa,I.,“Photo-
catalytic heat mirror with a thick titanium dioxide layer,”
Solar Energy Materials & Solar Cells, 84, (2004), pp.
159-170

H.-S. Lee, Hur, T., Kim, S., Kim, J.-H., Lee, H.-1,
“Photocatalytic, antifogging mirror,” Catalysis Today,
84, (2003), pp.173-180

S. Klosek, Raftery, D., “Visible Light Driven V-Doped
TiO, Photocatalyst and Its Photooxidation of Ethanol,”
J. Phy. Chem. B, 2001, 105, pp. 2815-2819

H. Shinguu, Bhuiyan, M., Ikegami, T, Ebihara, K,
“Preparation of TiO,/WO, multilayer thin film by PLD
method and its catalytic response to visible light,” Thin
Solid Films, from the web

B. Wen, Liu, C., Liu, Y., “Bamboo-Shaped Ag-Doped
TiO, Nanowires with Heterojunctions,” Inorg. Chem.,
2005, 44, pp. 6503-6505

B. Sankapal, Sartale, S., Lux-Steiner, M., Ennaoui,
A., “Chemical and electrochemical synthesis of nano-
sized TiO, anatase for large-area photon conversion,”
C.R.Chimie 9, (2006), pp.702-707

J. Park, Kim, S., Bard, A., “Novel Carbon-Doped TiO,
Nanotube Arrays with High Aspect Ratios for Efficient
Solar Water Splitting,” Nano Letters, Vol. 6,No. 1,(2006),
pp. 24-28

R. Viitala, Langlet, M., Simola, J., Lindén, Rosenholm,
”Aerosol-gel deposition of doped titania thin films,” J.
Thin Solid Films, 368, (2000), pp. 35-40

K.Rogers, Lane, D., Painter, J., Chapman, A., “Structural
characterization of sprayed TiO, films for extremely thin
absorber layer solar cells,” Thin Solid Films, 466, (2004),
pp- 97-102

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

H. Pathan, Min, S.-K., Desai, J., Jung, K.-D., Joo, O.-S.,
“Preparation and characterization of titanium dioxide
thin films by SILAR method,” Materials Chemistry and
Physics, 97, (2006), pp.5-9

T.Morikawa, Asahi, R.,Ohkawi, T., Aoki, K., Suzuki, K.,
Taga, Y., “Visible-light Photocatalyst — Nitrogen-doped
Titanium Dioxide”, R&D Review of Toyota CRDL, Vol.
40, No.3, (2005), pp.45-50

J. Premkumar, “Development of Super-Hydrophilicity
on Nitrogen-Doped TiO, Thin Film Surface by Photo-
electrochemical Method under Visible Light,” Chem.
Mater. 2004, 16, pp. 3980-3981

A.Emeline, Furubayashi, Y.,Zhang, X.,Jin, M., Muraka-
mi, T., Fujishima, A., “Photoelectrochemical Behavior
of Nb-Doped TiO, Electrodes,” J. Phys. Chem. B 2005,
109, pp. 24441-24444

V. Pore, Heikkild, M., Ritala, M., Leskeld, M., Areva,
S., “Atomic layer deposition of TiO, N thin films for
photocatalytic applications,” Journal of Photochemistry
and Photobiology A: Chemistry 177 (2006), pp.68-75

M. Snyder, McCool, B., DiCarlo, J., Tripp, C., DeSisto,
W.,“Aninfrared study of the surface chemistry of titanium
nitride atomic layer deposition on silica from TiCl, and
NH,,” Thin Solid Films, 514, (2006), pp.97-102

S. Lange, Sildos, L., Kiisk, V., Aarik, J., “Energy transfer
inthe photoexcitation of Sm**-implanted TiO, thin films,”
Materials Science & Engineering B, 112, (2004), pp.
87-90

J. Sene, Zeltner, W., Anderson, M., “Fundamental Photo-
electrocatalytic and Electrophoretic Mobility Studies of
TiO, and V-Doped TiO, Thin-Film Electrode Materials,”
J. Phys. Chem. 2003, 107, pp. 1597-1603

S. Sakthivel, Janczarek, M., Kisch, H., “Visible Light
Activity and Photoelectrochemical Properties of Ni-
trogen-Doped TiO,,” J. Phys. Chem. B, 2004, 108, pp.
19384-19387

I. Horcas et al, “WSXM 4.0,” Rev. Sci. Instrum., 78,
013705 (2007)

L. Brus., “Electronic Wave Functions in Semiconductor

Clusters: Experiment and Theory,” J. Phys. Chem. 1986,
90, pp. 2555-2560

339






Paper 11

Titanium dioxide thin films, their structure and its effect on their photoactivity and

photocatalytic properties

M.-L. K&&ridinen, T.O. K&&ridinen, D.C. Cameron, Thin Solid Films 517 (2009) 6666—6670.

Reprinted with permission from Elsevier






Thin Solid Films 517 (2009) 6666-6670

journal homepage: www.elsevier.com/locate/tsf

Contents lists available at ScienceDirect

Thin Solid Films

Titanium dioxide thin films, their structure and its effect on their photoactivity and

photocatalytic properties

M.-L. Kdaridinen *, T.0. Kiaridinen, D.C. Cameron

ASTRaL, Lappeenranta University of Technology, Prikaatinkatu 3E, FI-50100 Mikkeli, Finland

ARTICLE INFO ABSTRACT

Article history:

Received 14 January 2009

Received in revised form 28 April 2009
Accepted 4 May 2009

Available online 11 May 2009

Keywords:

Titanium dioxide

Thin films

Atomic Layer Deposition
Photoactivity
Photocatalytic activity
X-ray diffraction

Atomic force microscopy

Atomic Layer Deposition has been used to deposit titanium dioxide thin films on soda-lime glass substrates. A
series of films with thicknesses from 2.6 to 260 nm has been created and the film structure has been studied
with X-ray diffraction. It has been observed that at a reaction temperature of 350 °C, titanium dioxide thin
films initially grow as anatase but after a certain thickness, growth continues as rutile. The photoactivity and
photocatalytic activity of the films have been found to reach their maximum at a film thickness of 15 nm. At
this thickness, the film structure shows a small fraction of rutile crystallites in a largely anatase matrix
indicating that both crystal phases are necessary for the maximum activity.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

There is extensive interest in titanium dioxide due to its high
photocatalytic activity, nontoxicity and physicochemical stability [1,2].
Photocatalytic titanium dioxide thin films are important in processes
where the degradation of organic molecules is required. Photocata-
lysis was performed with titanium dioxide already in the 1950s [3] but
it took approximately two further decades to initiate scientific studies
in the environmental area [2]. Titanium dioxide is also a photo-
semiconductor and has been widely studied in solar cell and hydrogen
production [4-6].

Atomic Layer Deposition (ALD) [7] is a surface controlled layer-by-
layer process for the deposition of thin films with atomic layer
accuracy. Each atomic layer formed in the sequential process is a result
of saturated surface controlled chemical reactions. Commonly, in the
growth of binary compounds such as metal oxides, a reaction cycle
consists of two reaction steps. In one step the metal compound
precursor is allowed to react with the surface, and in the other step it
reacts with the oxygen precursor. Between the steps a purge is applied
to remove the excess of precursor and the reaction by-products. The
self-controlled growth mode of Atomic Layer Deposition contributes
several advantages. The thickness of the films can be controlled in a
straightforward manner by controlling the number of reaction cycles,
therefore enabling the controlled growth of ultra thin layers. The
precursors form stoichiometric films with large area uniformity and

* Corresponding author. Tel.: +358 40 536 2585.
E-mail address: marja-leena.kaariainen@lut.fi (M.-L. Kddridinen).

0040-6090/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
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conformality even on complex surfaces with deformities. Layer-by-
layer growth allows one to change the material abruptly after each
step. This gives the possibility of depositing multicomponent films (so
called nanolaminates or mixed oxides, for example).

The photocatalytic activity of titanium dioxide may be modified by
changing its physicochemical properties such as crystallinity, crystal
structure, particle size, and surface area [8-11]. Deposition of thinner,
nanoscale films possessing smaller crystal sizes may also result in
changes in photocatalytic activity due to blue shifting of the band edge
[12]. The anatase form of TiO, has commonly been shown to have the
highest photoreactivity [13]. The bandgap of bulk anatase is
Eg=3.2 eV which corresponds to a wavelength of 388 nm whereas
the bandgap of rutile is lower, about E;=3.0 eV (equivalent to
414 nm). Both anatase and rutile are photocatalytically active but the
activity of anatase is higher and is clearly related to its ability to adsorb
water and hydroxyl groups [14]. Nevertheless several studies of
titanium dioxide particles have shown that there is a synergistic effect
on the photocatalytic properties between anatase and rutile and that
both phases are needed in order to generate an effective photocatalyst
[15-18].

Although there have been numerous studies performed on titanium
dioxide films, a comprehensive study of the film structure and its effect
on photoinduced oxidation and catalytic activity has not been carried
out, especially with low film thicknesses. Tada et al. studied the back face
illumination of the TiO, film (using quartz as a substrate) and showed
that the rate of photoinduced oxidation increased with increasing
thickness up to about 100 nm [19]. They concluded that the result was
accounted for only by the increasing amount of the light that was
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absorbed by TiO,. Based on the diffusion model they calculated the
distribution of the photocarrier concentration within the film. They
concluded that the photocatalytic activity is dependent on several
parameters such as crystallinity, defect density of the titanium dioxide,
film thickness, and the surface area. Other studies claim that the best
photocatalytic properties occur at certain thicknesses, usually at several
hundreds of nanometers [20,21]. Generally the studies have concen-
trated on the films having thicknesses larger than 100 nm. Kddridinen
et al. [22] deposited by ALD a series of titanium dioxide films with
different thicknesses and concluded that the best photocatalytic
property was found at a certain low film thickness. However, there
have been no really systematic studies which have clarified the separate
effects of thickness and crystal structure. In this study we have
investigated the titanium dioxide films further in order to determine
the relationship between the thickness, crystalline structure and both
photoactive and photocatalytic properties of thinner films. The range of
thicknesses has been between 2.6 nm and 260 nm. The photoactivity
and photocatalytic activity have been measured by the water contact
angle and methylene blue degradation tests, respectively.

2. Experimental section

The precursors for titanium dioxide deposition were titanium
tetrachloride (99.0% Fluka) and ion exchanged water. The titanium
dioxide films were deposited in a TFS 500 ALD reactor (Beneq Oy,
Vantaa, Finland). Soda-lime glass plates of 5 cmx5 cm were used as
substrate materials. Nitrogen (99.999%, AGA) was used as a carrier and
purging gas. The reactor was operated at 5x 10>-1x 10> Pa pressure.
The titanium dioxide films were grown at a reactor temperature of
350 °C. The precursors were kept at 20 °C during the deposition.

The film thicknesses were measured with a spectroscopic
ellipsometer M-2000FI from ].A.Woollam Co., Inc. The structure and
crystalline phases of the films were examined by X-ray diffractometer
(XRD) (Phillips X'Pert) using CuKa radiation (A =1.54 A). The XRD
patterns were acquired with a glancing angle of 0.2° for the incident
beam for a range 20 = 20-60° with a step size of 0.02°.

Morphology and surface area determination were conducted by
tapping-mode atomic force microscopy (AFM) (CP-II Scanning Probe
Microscope, Veeco Instruments). Absorption spectra of the films were
measured with UV-VIS spectrophotometer Evolution 500 (Thermo
Electron Corporation).

Water contact angles were measured with a contact angle
measuring system DSA 10 (Kriiss GmbH). An 8 W UV lamp with a
wavelength of 254 nm was used as a UV radiation source.

Photocatalytic degradation measurements were conducted with
methylene blue (MB) tests which were carried out as follows.
Titanium dioxide films on a glass plate (5 cmx5 cm) were first
photoactivated in air by UV irradiation for 45 min. The distance of the
sample from the lamp was 10 cm. After preactivation, titanium dioxide
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Fig. 1. X-ray diffraction spectra for titanium dioxide films with various thicknesses.
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Fig. 2. X-ray diffraction intensity counts of anatase (A) and rutile (M) peaks in the
titanium dioxide films of different thicknesses and methylene blue degradation in 4 h
test using the same films (#).

films were placed in a 1 L beaker with 100 mL of an aqueous solution
of methylene blue with concentration of 1x10~° mol/L, 2-3 mm
from the liquid surface. The test system was kept under the UV lamp
for 4 h in ambient temperature. The distance from the UV lamp to the
titanium dioxide films was 15 cm. The absorption spectra of the MB
solution samples were measured with the UV-VIS spectrophotometer.
The adsorbance of methylene blue on to titanium dioxide films was
tested with the same method as described above but without
photoactivation as described in Section 3.

3. Results

From the thickness measurements the growth rate was calculated
to be 0.55 A/cycle. Films of various thicknesses were grown, namely
2.6 nm, 5 nm, 10 nm, 15 nm, 30 nm, 65 nm, 130 nm, and 260 nm. XRD
analyses for the films are shown in Fig. 1. No peaks are visible for films
of thickness 2.6 nm and 5 nm due to the small size of the crystals and
the very low intensity of the diffracted X-rays. Aarik et al. [23]
observed using reflection high-energy electron diffraction that
titanium dioxide films grown by ALD at 300 °C already showed
polycrystalline anatase structure at a film thickness of 2 nm. Therefore
we may assume that even the films with a few nanometer thicknesses
possess some crystallinity. At a film thickness of 10 nm a tiny anatase
(101) peak becomes visible (at 20 =25.3°). At 15 nm the anatase
(101) peak is clear and bigger. The anatase (101) peak does not grow
any bigger for the 30 nm and 65 nm films and decreases for the
130 nm and 260 nm films. At 65 nm a clear rutile (110) peak has
appeared (at 20=27.4°) and it increases for 130 nm and 260 nm
films. Based on these results it appears that at 350 °C the titanium
dioxide film begins the growth as anatase only. Between the
thicknesses of 30 nm and 65 nm a phase transformation from anatase
to rutile takes place. The intensity of the rutile peak increases with
increasing film thickness while the anatase peak decreases after the
rutile phase begins to grow. Fig. 2 shows the trends. This behavior can
be explained as follows. Initially, the diffraction intensity from the
anatase peak will increase due to the increasing film thickness. As
growth continues and the rutile phase forms on top of the anatase, the
peak from the underlying anatase region will appear to decrease
because of its increasing attenuation by the upper rutile layers
whereas the rutile diffraction peaks will grow due to the increasing
thickness of rutile. Similarly Aarik et al. [24] observed that the rutile
content increases at the film surface as the film thickness increases
when depositing titanium dioxide from titanium tetrachloride and
water onto silicon (111) substrates. However they added that the
process is complicated since the critical thickness for the rutile growth
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Fig. 3. AFM tapping mode images of titanium dioxide films of various thicknesses. F and S indicate typical facetted and spherical grains, respectively.

also depended on the purge times and precursor doses [24] and not
only on the reactor temperature and/or substrate effect.

Tapping-mode atomic force microscopy images were taken in
order to study the morphology and surface area. Fig. 3 shows the AFM
images of 2.6 nm, 5 nm, 10 nm, 15 nm, 65 nm, 130 nm, and 260 nm
thick titanium dioxide films. It can be seen that there is a change of
morphology as the film thickness increases. The crystallites change
from an initial spherical appearance to larger and more facetted.
Surface area calculations based on the AFM topography images are
presented in Table 1 and show no major variation with film thickness.
The grain size calculations based on Scherrer's equation are shown in
Table 2. We can see that the grain size for the spherical phase varies
between 9 nm and 14 nm and generally does not grow much when the
film thickness increases. Similarly, the size of the facetted grains does
not increase much in the film thicknesses between 65 nm and 260 nm
but stays within the range 46-51 nm.

Water contact angle measurements were carried out to measure
the photoactivity of the thin films. Glass plates coated with titanium

Table 1

Normalized surface area based on the AFM topography as a function of film thickness.
Film thickness, (nm) Normalized surface area
26 10

5) 10

10 1.02

15 110

30 1.05

65 125

130 1.07

260 1.05

Table 2
Relation between grain size of the crystals and film thickness.

Film thickness, nm Crystal phase Grain size, nm

10 (101) anatase 92
15 (101) anatase 133
65 (101) anatase 9.9
65 (110) rutile 48.0
130 (101) anatase 103
130 (110) rutile 45.7
260 (101) anatase 13.5
260 (110) rutile 50.6

dioxide thin films were irradiated with UV light and the results are
presented in Fig. 4. In the water contact angle measurements high
photoactivity means that the photogenerated holes attract hydroxyl
groups from water and produce hydroxyl radicals ("OH). The greater
the number of hydroxyl molecules on the surface, the greater is its
hydrophilicity and this is shown as a small contact angle between the
water droplet and the TiO, surface. In Fig. 4, the results show that the
contact angle falls from 52° to a minimum of 6° at 15 nm film
thickness and then rises again reaching >20° at 260 nm indicating
maximum photoactivity at 15 nm.

The photocatalytic activity of the films was tested by the
methylene blue (MB) degradation test. The test was run for 4 h. The
effect of surface adsorption alone on reducing the MB concentration
was tested by immersing the samples in the solution without
photoactivation. Three different samples were used: 15 nm TiO,
film, 170 nm TiO, film, and an uncoated soda lime glass plate. The
results showed that the adsorption was not significant in reducing the
methylene blue concentration. The results for the photocatalytic
activity are shown in Fig. 5 (and also in Fig. 2) and they followed the
first-order reaction kinetics for methylene blue degradation by
photoactivated titanium dioxide film. We can see that the film with
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Fig. 4. Initial water contact angles of titanium dioxide thin films and their value after
30 min UV irradiation time for films of various thicknesses.
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the thickness of 15 nm shows the highest photocatalytic activity with
a decrease for thicker and thinner films. This correlates with the
contact angle results (Fig. 4) where the highest activity was also
reached with the thickness of 15 nm. The strong connection between
the photoactivity and photocatalytic activity is apparent. When the
highly photoactive TiO, surface is in contact with a water solution the
formation of the large number of hydroxyl radicals which gives high
photoactivity also react with organic methylene blue molecules in
solution causing them to degrade.

4. Discussion

Comparison between the XRD results and the AFM topography
show that the larger, facetted grains appear when the amount of rutile
in the films starts to increase. In Fig. 1, we can see that the first
indication of a rutile peak appeared at a thickness between 30 and
65 nm. Previously, it has been reported [25-27] that anatase crystals
have a spherical aspect whereas rutile crystals are more facetted. In
Fig. 2 it is noticeable that a few larger and more elongated facetted
crystals, tentatively ascribed to the rutile phase, are first observed at a
thickness of 5 nm among the spherical crystals, assumed to be
anatase. With only a few rutile crystals the X-ray intensity from them
would be too low to be observable. With increasing film thickness
these particles increasingly cover the film surface and at 260 nm there
are no spherical crystallites left visible. The average particle size which
is influenced by these morphology changes increases significantly
after reaching the film thickness of 30 nm.

The lower photoactivity of the thicker films can be explained since
they are rutile dominant and the rutile phase has been found to be less
photoactive than anatase [13]. In the rutile, fast recombination of the
photogenerated holes and electrons takes place and there are only a
few chances for hydroxyl groups to adsorb onto rutile surface. The low
photoactivity (Fig. 4) for the thinnest films (e.g. 2.6 nm) may be due to
the possibility that the anatase film has not yet totally covered the
substrate surface although the AFM data suggest a continuous coating.
The best performing film of 15 nm shows a contact angle decrease to
6° after 30 min. XRD measurement indicated the 15 nm film to be only
anatase but AFM topography showed that there is also a small amount
of the rutile phase present. Several studies have postulated that the
best photocatalytic activity for titanium dioxide is reached with an
optimum ratio of anatase and rutile [15-18,28]. Ohno et al. [15]
suggested that a certain small number of rutile particles within the
dominant anatase phase or an overgrowth of rutile on the anatase
crystallites will have the optimum synergistic effect on the photo-
activity. Zhang et al. [29] found that titanium dioxide thin films which

have a ratio of rutile to anatase between 0.5 and 0.7 produces the best
photocatalytic activity. They proposed that when rutile and anatase
coexist in certain proportions the rutile phase would emerge only on
the surface and the anatase phase would exist inside. In our case, the
peak performance range is from thicknesses of 15 to 65 nm; this can
be explained with the XRD and the morphology measurements on the
film which show the existence of the two phases. It has been
postulated that the existence of the two crystalline phases leads to a
separation of photogenerated holes and electrons which reduces their
recombination rate. For example, Bickley et al. [30] suggested that
electrons transfer from anatase to the lower bandgap rutile crystals
which serve as electron trapping sites and thus separate the
electrons and holes. In contrast, in their study of the morphology of
Degussa P-25 powder which is a mixed structure (3:1 rutile:anatase)
commercial photocatalytic material, Ohno et al. [15] explained that
the reason for the high activity of Degussa P-25 is due to the contact
between separate particles of rutile and anatase. They further
explained that electron transfer would take place from rutile to
anatase since in P-25 powder the rutile particles contain Ti >* ions
which are the electron donors. Sun and Smirniotis [16] concluded in
their study on Degussa P-25 that the synergistic effect between
anatase and rutile was not universal but due to the relative Fermi
levels of the anatase and rutile particles and the particle shape. Hurum
et al. [31] noted that Degussa P-25 consists of clustered individual
crystallites where the rutile crystallites are unusually small. This
topography corresponds to that of our 15 nm films where the rutile
crystallites are still small and this creates an optimum synergy
between anatase and rutile for optimal photocatalytic effect. When
the rutile crystallites grow larger, the photogenerated carriers created
in the rutile have further to travel before reaching a rutile-anatase
interface and will be increasingly likely to recombine before they do. It
is possible that this phenomenon takes place in our films when the
photocatalytic activity decreases as the rutile crystallites grow larger
covering the anatase phase. Hurum et al. [31] further explained that
the rutile crystallites must be interwoven with anatase crystallites to
make possible the electron transfer. A catalytic “hot spot” occurs at the
anatase/rutile interface. They suggested a model where under visible
illumination the electron transfer would take place from rutile to
lower energy anatase lattice trapping sites allowing a more stable
charge separation and consequently higher photocatalytic effect. In
contrast Kawahara et al. [18] and Liu et al. [32] support the hypothesis
where the electron transfer takes place from anatase to rutile which
acts as an electron sink and therefore decreases the rate of the
recombination of holes and electrons. In this study we cannot prove in
which direction the electron transfer takes place but it is clear that the
existence of both crystal phases of anatase and rutile has a
fundamental effect on the photoactivity and photocatalytic ability of
titanium dioxide.

Future work will explore the relationship between the photo-
activity and photocatalytic ability and the deposition temperature and
the substrate material.

5. Conclusions

Thin films of titanium oxide have been deposited on soda-lime
glass substrates by Atomic Layer Deposition. The photoactivity and
photocatalytic activity of a series of different thicknesses of titanium
dioxide thin films have been measured and related to their crystal
structure and morphology. The highest performance in both photo-
activity, measured by the water contact angle, and photocatalytic
activity, measured by the methylene blue test, was observed with films
which consisted of preponderantly anatase phase and small amount of
the rutile phase. We conclude that the most critical factor for obtaining
a highly active titanium dioxide photocatalyst is the optimization of
the anatase/rutile phase ratio. The film thickness is only significant
because it has an effect on this ratio and is not important in itself.
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In this paper, undoped polycrystalline titanium dioxide films have been deposited by atomic layer deposition
(ALD) using the titanium tetrachloride-water process. These films have been anatase, rutile, or mainly ana-
tase with a varying content of rutile depending on the deposition conditions. The polarity of the majority car-
riers on the films has been measured with the hot-probe test and, over the range of deposition temperatures
used, the anatase or anatase-dominant films have been found to be p-type whereas the rutile films have been
n-type. X-ray diffraction (XRD), contact angle measurements, and methylene blue degradation tests were
performed to investigate the crystallinity, photoactivity, and photocatalytic properties. All the p-type films
showed good photoactivity as determined by their water contact angle while the best photocatalytic activity
was shown with anatase films containing a small proportion of rutile. An explanation for the superior photo-
activity of anatase due to its p-type polarity is given and the high photocatalytic property for anatase-
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dominant films is ascribed to the existence of p-n junctions leading to carrier separation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide is the most studied semiconductor among the
photocatalytic materials. The surface reactions and photocatalytic
mechanisms have been widely investigated since the discovery of
photocatalytic splitting of water [1-6]. Anatase has been accepted to
be the most photoactive phase of TiO, due to a lower recombination
rate of electrons and holes. Synergy between anatase and rutile has
been claimed to enhance photocatalytic activity and there have
been a number of suggestions as to its mechanism [7-16]. Due to
the vast numbers of applications, the researchers in the field of TiO,
are divided into several areas where their understanding and exper-
tise focus on different aspects. Therefore, there are only few studies
on TiO, where its electrical properties, structural properties, and
photocatalytic characteristics have been studied and compared
[17,18]. Generally TiO, has been found to be n-type and this behavior
has been observed both in rutile and anatase structures [19,20]. Sav-
age et al. [21] created n-type anatase and p-type rutile from titania
powders and applied them in gas sensors. Li et al. [22] have reported
anatase that changes its polarity depending on the energy of light ir-
radiation. Hossein-Babaei et al. [23] have deposited undoped p-type
anatase films by the sol-gel technique for gas sensing applications
but have not discussed the photocatalytic aspects. However, there
have been no systematic studies of the connection between the
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polarity of the titanium dioxide, its crystal structure, and its photoac-
tivity and photocatalytic activity. In this letter we have measured
these parameters and found the relationship between them. We
have laid out the probable processes which give rise to this behavior.

2. Experimental

TiO, films with thickness between 10 and 260 nm were grown by
atomic layer deposition (ALD) using titanium tetrachloride (99.0%,
Fluka) and deionized water as precursors. Nitrogen (>99.999%) was
used as a carrier and purging gas. The deposition was carried out in
a TFS-500 ALD reactor (Beneq Oy) at 5x10%-1x10°Pa pressure.
Two different reaction temperatures of 250 °C and 350 °C were
used. The precursors were introduced into the reactor in a sequence
of pulse (TiCly) - rinse (N;) - pulse (H,O) - rinse (N;) of 0.6-
1-0.25-0.5 s. Soda-lime glass plates of 5 cm x5 cm were used as sub-
strate materials. The precursors were kept at 20 °C during the deposi-
tion. The film thicknesses were measured with a spectroscopic
ellipsometer M-2000FI from J.A. Woollam Co., Inc. The structure and
crystalline phases of the films were examined by X-ray diffractometer
(XRD) (Phillips X'Pert) using CuKa radiation (\ = 1.54 A). Water con-
tact angles were measured with a contact angle measuring system
DSA 10 (Kriiss GmbH). Absorption spectra of the films were mea-
sured with UV-VIS spectrophotometer Evolution 500 (Thermo Elec-
tron Corporation). An 8 W UV lamp with a wavelength of 254 nm
was used as an UV radiation source. Photocatalytic degradation mea-
surements were conducted with methylene blue (MB) tests, the de-
tails of which were described in earlier publication [7]. The polarity
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of the majority carriers was determined using the hot probe measure-
ment. The measurement is prepared by connecting a couple of wires
to a sensitive electrometer. A heated probe, called a hot probe is con-
nected to the positive terminal and the other, called a cold probe is
connected to the negative terminal of the meter. When the probes
are placed on a n-type semiconductor a positive current is obtained
while placed on a p-type semiconductor a negative current occurs
[24]. The polarity was measured after taking the samples from dark
storage and again after 30 min of UV irradiation.

A commercial product, Pilkington Activi™, was studied for com-
parison in photoactivity, photocatalytic activity, and polarity. The
thickness of titanium dioxide film on Pilkington Activ’™™ glass is ap-
proximately 15 nm [25] and its crystalline structure has been shown
to be anatase [26].

3. Results and discussion

Two series of TiO, thin films with various thicknesses were depos-
ited by ALD. The photoactivity and photocatalytic properties were in-
vestigated to explore the relationship between these properties and
the structural and electronic properties of the films. Fig. 1 shows the
X-ray spectra of the TiO, films deposited at 250 °C and 350 °C.

The 250 °C films grew initially as rutile but thicknesses of 25 nm
and above were all anatase. The 350 °C showed initial anatase growth
followed by an anatase-rutile transformation beginning around
15 nm with increasing amounts of rutile present as the thickness in-
creased becoming rutile dominant between 90 nm and 260 nm.
There are no major differences in crystal quality between the 260 °C
and 350 °C series as shown by the similar peak widths.

Contact angle measurements (Fig. 2) showed that the 15 nm rutile
film from 250 °C series possesses the worst photoactivity whereas the
anatase and anatase dominant films were very hydrophilic after UV
exposure. That is, the photoactivity depends solely on the dominant
crystal phase and there is no major difference between the effective-
ness of anatase or anatase dominating films deposited at 250 °C or
350 °C. The photocatalytic results show that a different situation
applies.

Fig. 3 shows MB-degradation test results. The 350 °C series of
anatase-dominant films showed higher photocatalytic activity than
the 250 °C series and the best photocatalytic performance was
reached with a 15 nm thick anatase film that had only a very small
amount of rutile phase [7]. The Pilkington Activi™ anatase sample
demonstrated the best performance but all the 250 °C anatase films
were inferior. Semiconductor polarity was measured by the hot
probe test and it was found that all the anatase and anatase-
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Fig. 1. X-ray diffraction spectra for titanium dioxide films with various thicknesses de-
posited at 250 °C and 350 °C (A= anatase, R =rutile).
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Fig. 2. Water contact angles for titanium dioxide films with various thicknesses depos-
ited at 250 °C and 350 °C.

dominant films were p-type (Table 1). Also the Pilkington Activ™™ an-
atase film was p-type. Rutile (15 nm 250 °C) and rutile dominant
(260 nm 350 °C) films were both n-type. All the films maintained
their polarity during the 30 min of UV irradiation.

Based on the results it is clear that the p-type anatase performs
better in photoactivity than n-type rutile. However, in photocatalytic
activity p-type anatase alone is evidently not enough to produce a
good performance. The results indicate that better performance is
produced if there is an anatase-dominant anatase-rutile mixture.
The Pilkington Activi™ p-type anatase is slightly better than the
15 nm thick 350 °C series film, however, it is possible that Activi™
also includes small amounts of rutile which are not seen in the XRD
spectrum [26]. It is notable that the popularly-used Degussa P25 ma-
terial is also an anatase dominant anatase-rutile mixture [8]. Since an-
atase was shown to be p-type and rutile n-type, this suggests that the
reason for the improved performance of the mixture of anatase and
rutile is the formation of p-n junctions which cause carrier separation.
To understand the connection between TiO, polarity, photoactivity,
and photocatalytic activity we discuss the photocatalytical reactions
and how the structure of TiO, may contribute to them.

TiO, photoexcitation takes place when an electron (e™) is excited
by photon energy (hv) from valence band (V) to conduction band
(Cp) and a hole (h™) is formed into the valence band. After excitation
there are several options that can occur [4]: the electron and the hole
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Fig. 3. Methylene blue degradation test for titanium dioxide films with various thick-
nesses deposited at 250 °C and 350 °C.



Table 1
Polarity of titanium dioxide films with various thicknesses deposited at 250 °C and
350 °C, and Pilkington Activ™ film.

Polarity

0 min UV 30 min UV
15nm 250 °C N-type N-type
25 nm 250 °C P-type P-type
65 nm 250 °C P-type P-type
110 nm 250 °C P-type P-type
15 nm 350 °C P-type P-type
25 nm 350 °C P-type P-type
55nm 350 °C P-type P-type
90 nm 350 °C P-type P-type
260 nm 350 °C N-type N-type
Activi™ P-type P-type

can recombine dissipating the input photon energy to heat, become
trapped in metastable semiconductor surface states, or they can interact
with electron donors and acceptors that are adsorbed on the TiO, sur-
face. The recombination occurs in a few nanoseconds if there is a lack
of scavengers that could trap the electrons or the holes. A trapped elec-
tron from the conduction band is a good reductant and a hole from the
valence band is an outstanding oxidant enabling redox reactions to take
place. The following basic mechanisms for the photogeneration of rad-
icals in atmospheric and aqueous environments have been proposed
when there are water and oxygen present on the TiO, surface [4,5,27].
1) TiO; + hv—h™ + e~ (generation), 2) h™ + H0apsorbed — H + "OH
(reaction), 3) h* +OH™ — "OH (reaction), 4) €~ + Ozapsorbed — 03
(reaction), 5) h™ +Ti* *OH— (Ti* "OH") * (hole trapping), 6) e~ +
Ti**OH — Ti> *OH (electron trapping).

Investigators have discovered differences between the atomic
configuration of anatase and rutile and hence their electronic proper-
ties. Anatase has been found to have an indirect bandgap whereas ru-
tile has a direct one [28]. This could contribute to slower
recombination rate of anatase, and consequently higher photoactivity
and photocatalytic activity, assuming electron-hole pairs can be effi-
ciently created. When the polarity of TiO, has been studied, rutile and
also anatase has been generally found to be n-type [19]. Creating ox-
ygen vacancies has been one common doping method to create an n-
type semiconductor. In fact oxygen vacancies have been found to be
more common on rutile than on anatase [29] and the reason for this
has been suggested to lie in their significantly different atomic surface
structure [30]. Studies have further proved that photoactivation reac-
tions are different on anatase and rutile. On rutile which has oxygen
vacancies, water has been discovered to dissociate to form pairs
of closely bridging hydroxyl (OH) groups [31]. Ti**(OH) can form
Ti® "OH by the capture of electrons. These Ti(OH) groups have been
discovered to be good electron traps for photogenerated electrons
[32] forming Ti>*(OH) groups which further may attract holes be-
coming recombination centers [6]. Recombination stops the reaction
chain and this may be a reason why n-type rutile has lower photoac-
tivity compared to anatase. In contrast molecular water has been
found on anatase (101) [33] which is due to the lack of oxygen vacan-
cies. If the anatase is p-type, it will be superior in photoactivity. In a p-
type semiconductor the holes are the majority carriers. Therefore p-
type anatase can provide a plentiful supply of holes to the surface
which attract the hydroxyl part of the water allowing water mole-
cules to adsorb on the surface. Under UV irradiation, more holes are
available at the surface and hence the larger number of adsorbed
hydroxyl groups attract more water making the surface even
superhydrophilic.

The results show p-type anatase to be very photoactive but in
photocatalytic performance it is not much better than n-type rutile.
This implies that p-type anatase would also suffer from the problem
of recombination which means there are not enough excited elec-
trons to create hydroxyl radicals for further photoactivity reactions.

M.-L. Kddridinen, D.C. Cameron / Surface Science 606 (2012) L22-125

However, when a rutile phase begins to grow along anatase the
photocatalytic performance is improved. Therefore, we propose that
p-type anatase and n-type rutile form p-n junctions in the TiO,. In a
p-n junction the conduction and valence bands of anatase will have
higher energies than those of rutile. When it is illuminated by UV-
light, transfer of photogenerated electrons will take place from the
p-type (anatase) conduction band to the n-type (rutile) conduction
band, whereas the transfer of photogenerated holes will take place
from the valence band of n-type (rutile) to the valence band of
p-type (anatase). This results in the electron-hole separation
which reduces recombination and gives a larger supply of holes
to the surface to enhance the photocatalytic reactions.

4. Conclusions

The relationship between deposition temperature, the crystal
structure and the majority carrier polarity in titanium dioxide depos-
ited by atomic layer deposition has been investigated. The films are
polycrystalline being either anatase, rutile, or anatase-rutile mixtures.
The anatase-dominant films are always p-type whereas the rutile-
dominant films are always n-type. The crystal quality shows no
major difference in films deposited at 250 °C and 350 °C. All the ana-
tase or anatase-dominant films showed good photoactivity while ru-
tile films showed poor photoactivity. However, good photocatalytic
activity was only observed in anatase films containing some rutile.
It is proposed that the superior photocatalytic property of anatase-
dominant mixture of phases is due to the formation of p-n junctions
in the TiO, which causes carrier separation and hence a reduction in
recombination.
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Titanium dioxide films have been created by atomic layer deposition using titanium chloride as the metal
source and a solution of ammonium hydroxide in water as oxidant. Ammonium hydroxide has been used
as a source of nitrogen for doping and three thickness series have been deposited at 350 °C. A 15 nm anatase
dominated film was found to possess the highest photocatalytic activity in all film series. Furthermore almost
three times better photocatalytic activity was discovered in the doped series compared to undoped films. The
doped films also had lower resistivity. The results from X-ray photoemission spectroscopy showed evidence
for interstitial nitrogen in the titanium dioxide structure. Besides, there was a minor red shift observable in
the thickest samples. In addition the film conductivity was discovered to increase with the feeding pressure
of ammonium hydroxide in the oxidant precursor. This may indicate that nitrogen doping has caused the
decrease in the resistivity and therefore has an impact as an enhanced photocatalytic activity. The hot
probe test showed that all the anatase or anatase dominant films were p-type and all the rutile dominant
films were n-type. The best photocatalytic activity was shown by anatase-dominant films containing a
small amount of rutile. It may be that p-n-junctions are formed between p-type anatase and n-type rutile
which cause carrier separation and slow down the recombination rate. The combination of nitrogen doping
and p-n junction formation results in superior photocatalytic performance.
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1. Introduction

Titanium dioxide and especially the anatase phase is the most
effective photocatalytic material. It can be used in self cleaning surfaces,
air and water purification, and dye sensitized films among others [1]. Its
drawback is that it has a band gap of 3.0-3.2 eV therefore needing a
wavelength of 388 nm or less for photoactivation. As a consequence
only about 4% of solar energy can be utilized in TiO, photoactivation.
It also suffers from the fast recombination of electrons and holes during
the photoactivation which reduces its efficiency. In order to improve
the visible light activity and to decrease the recombination problem in
thin films many studies have been conducted with various dopants
[2-11]. Nitrogen doping has been one of the most popular ways of
attempting to modify the bandgap. Studies have shown that bandgap
red shift towards visible light and lower recombination have been
achieved but also opposing, negative results have been seen [12-25].
Often the enhanced photoactivity has not guaranteed improved photo-
catalytic properties. The different dopants affect various properties of
the titanium dioxide such as crystal structure, photoactivity, electrical
properties, and chemical behavior in the photocatalytical reactions.

In this work we have used atomic layer deposition (ALD) to create
nitrogen doped titanium dioxide films. ALD is a surface controlled
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process for deposition of thin films with atomic layer accuracy. Each
atomic layer formed in the sequential process is a result of saturated
surface controlled chemical reactions. A very common process to
deposit titanium dioxide with ALD uses titanium chloride and water
as precursors. In an earlier study it was shown that the photocatalytic
activity of titanium dioxide film could be enhanced by using ammoni-
um hydroxide as an oxidizer instead of water [26]. In the present
work we have investigated the doped films further by creating three sep-
arate series of nitrogen doped and undoped films with different doping
levels. The structure of the titanium dioxide films, their photoactivity,
photocatalytic properties, film composition, major carrier polarity, and
film resistivity have been measured and discussed to clarify and explain
the enhanced photocatalytic activity.

2. Experimental section

The doped and undoped titanium dioxide films were deposited in a
TFS-500 ALD reactor (Beneq Oy). Soda-lime glass plates of 5 cmx 5 cm
were used as substrate materials. Generated nitrogen of 99.999% pu-
rity was used as a carrier and purging gas (INMATEC IMT-PN 1150,
INMATEC GaseTechnologie GmbH & Co.KG). The reaction temperature
was 350 °C. The precursors for nitrogen doped titanium dioxide depo-
sition were titanium tetrachloride (99.0%, Fluka) and two different
ammonium hydroxide water solutions of 28 wt.% (A) and 19 wt.% (B)
(28 wt.%, ALDRICH). The latter solution (B) was diluted from the
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28wt.% solution with deionized water. The precursors were kept at
20 °Cduring the deposition. Due to the higher vapor pressure of ammo-
nium hydroxide solution its volumetric flow rate was restricted by
needle valve so that there would not be a large difference between
the partial pressure of ammonium hydroxide in the doped runs and
the partial pressure of water in the undoped TiO, runs. The feeding
pressures of 28wt.% and 19 wt.% ammonium hydroxide solutions
were measured to be 1150 Pa and 880 Pa, respectively. In the undoped
runs the feeding pressure of water was 800 Pa. In order to find out the
amount of dissolved ammonium hydroxide and the amount of water
in the precursor feeding line the partial pressures were calculated by
using Raoult's law. In the system using the 28 wt.% solution the partial
pressures for ammonium hydroxide and water were 1070 Pa and
79 Pa, respectively. When using the 19 wt.% solution the partial pres-
sure for ammonium hydroxide was 785 Pa and for water was 95 Pa.
The reactor was operated approximately at 250 Pa. Consequently it
was presumed that only ammonium hydroxide was fed to the precursor
line and water remained in the precursor bottle since its partial pres-
sures were lower than the reactor pressure. In all runs a sequence of
pulse-rinse-pulse-rinse of 0.6-1-0.25-0.5 s was used for TiCly, No,
ammonium hydroxide or H,0 and N, gases.

The film thicknesses were measured with a spectroscopic
ellipsometer M-2000FI from J.A. Woollam Co., Inc. The structure and
crystalline phases of the films were examined by X-ray diffractometer
(XRD) (Phillips X'Pert) using CuKo radiation (A=1.54 A). The XRD
patterns were acquired with a glancing angle of 0.2° for the incident
beam for a range 20 =20-60° with a step size of 0.02°. Morphology
was studied with a Hitachi S4800 field emission scanning electron mi-
croscope (SEM) with an operating voltage of 5 kV. Transmission spectra
of the films were measured with UV-vis spectrophotometer Evolution
500 (Thermo Electron Corporation) and band gaps were evaluated by
Swanepoel method [27]. Film composition was examined by X-ray
photoelectron spectroscopy (XPS) (PHI 5400) with MgKa radiation
(energy of 1253.6 eV) in a pressure of 1-10~° Torr. Sputtering was
performed using Ar™ ions with beam energy of 3 keV and a current of
2 pA. The beam was rastered over 3 x 3 mm? hence the beam current
density was 0.22 uA/mm?. Binding energy was referenced in all samples
to carbon 1s line assuming energy of 284.8 eV. Resulting XPS peaks
were fitted by using XPSPEAK4.1 software applying a Shirley type back-
ground and Gaussian peaks.

Water contact angles were measured with a contact angle mea-
suring system DSA 10 (Kriiss GmbH). An 8 W UV lamp with a wave-
length of 254 nm was used as a UV radiation source. Photocatalytic
degradation measurements were conducted with methylene blue
(MB) tests, the details of which were described earlier [28]. The hot
probe tests were performed for major carrier polarity. The film resis-
tivity measurements were done by four-point-probe measurements.

A commercial product, Pilkington Activ™, was studied for com-
parison in photoactivity, photocatalytic activity, and film resistivity.
The thickness of titanium dioxide film on Pilkington Activ™™ glass is
approximately 15 nm [29] and Chin et al. [30] reported its crystalline
structure to be anatase.

3. Results and discussion

The deposition rate was 0.55 A/cycle for both A (28 wt.% NH4,0H)
and B (19 wt.% NH,OH) films. This rate is the same as in the titanium di-
oxide films deposited with water as a precursor. Three series of films
with thickness 2.6 nm, 5 nm, 10 nm, 15 nm, 30 nm, 65 nm, 130 nm,
and 260 nm were deposited for undoped, doped A, and doped B films.
XRD analyses for the films are shown in Fig. 1. The thinnest films of
2.6 nm, 5 nm, and 10 nm are not shown in the XRD results because
the patterns were very weak but according to SEM images crystalline
grains are shown with these films (not presented). The XRD patterns
show that all series are similarly polycrystalline and an anatase to rutile
transformation takes place at approximately the same thickness in all
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Fig. 1. X-ray diffraction patterns for doped A-, doped B-, and undoped titanium dioxide
films with various thicknesses.

films. The film structure is first anatase but somewhere after thickness
of 30 nm also rutile starts to show and finally becomes the dominant
crystal structure for 130 nm and 260 nm films.

The grain size was calculated using Scherrer's equation. Table 1
shows the grain sizes for the undoped TiO, films and the films of
doped A and B series. There are no major differences between the
grain growth in the different film series. In all films anatase grain sizes
are between 9 and 15 nm and rutile grain sizes are between 39 and
51 nm.

A scanning electron microscopy (SEM) image of the 15 nm thick
film of series A is shown in Fig. 2. Most of the grains are protruding
upwards and are spherical in shape (S). There are also areas where
the grains are more facetted (F) and lying down. In our earlier study
[28] it was speculated that the spherical grains are anatase and the
more facetted grains are rutile since they become more evident as
the rutile XRD diffraction peak grows and eventually dominate. The
15 nm thick films in all series (doped A, doped B, and undoped)
looked similar (B and undoped not shown). The grain size for 15 nm
thick films was 12-13 nm from Scherrer's formula and the SEM images
show similar results for the spherical grains.

The band gaps were evaluated based on the transmittance spectra
by plotting (cvvh)'’? as a function of band gap energy, E [27] and the
values are presented in Table 2. The 260 nm films show a change in
band gap from the undoped value of 3.2 eV to 3.1 eV for the doped
samples which may be an indication of nitrogen doping.

In order to evaluate the nitrogen doping, an X-ray photoelectron
spectroscopy analysis was performed on doped and undoped sam-
ples. Titanium dioxide films with thickness of 260 nm were analyzed

Table 1
Relation between grain size of the crystals and film thickness in doped A-, doped B-,
and undoped series.

Film thickness, nm Crystal phase Grain size, nm

A B Undoped
10 (101) Ana - - 9
15 (101) Ana 13 12 13
30 (101) Ana 15 12 14
65 (101) Ana 12 10 10
65 (110) Rut 43 39 48
130 (101) Ana 9 11 10
130 (110) Rut 47 44 46
260 (101) Ana - 12 14
260 (110) Rut 51 49 51
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Fig. 2. SEM image of 15 nm thick doped A-series TiO, film. F and S indicate facetted and
spherical grains, respectively.

for doped A, doped B, and undoped series. The survey spectrum of the
film surface was taken for all three samples and the atom concentra-
tions were evaluated. The possible effect of surface contamination
was removed by sputtering the samples into 10 nm depth. The eval-
uations of peak shape were carried out on the unetched samples to
ensure no change in chemical bonding due to sputtering. The nitro-
gen atom concentrations on the film surfaces were 0.4% for all sam-
ples. The concentration in the sputtered samples A, B, and undoped
were 0.7%, 0.8%, and 0.9%, respectively. Subsequently within its reso-
lution, the measurements using sputtering did not show evidence of
nitrogen substitution. The N(1s) peaks for doped A-, B-, and undoped
series are shown in Fig. 3a. There were no peaks at 396 eV which
could be associated with nitrogen substituting for oxygen [31].
Instead peaks at higher energies can be found showing a broad peak
within a range of 396-403 eV. Peaks within this area have been
shown to indicate nitrogen doping by several researchers and they
can be attributed to interstitial nitrogen [15,25,32-36]. Curve fitting
was performed with a FWHM of 1.7 eV for all peaks in doped A and
B and undoped samples. Doped A-sample showed peaks at 399.1 eV
(larger peak 1) and 400.7 eV (peak 2), B-sample at 398.9 eV (larger
peak 1) and 400.5 eV (peak 2), and undoped sample at 398.6 eV
(peak 1) and 400.0 eV (larger peak 2). Saha and Tomkins [31] showed
that the TiN peak is found at 397 eV. In the doped and undoped sam-
ples the binding energies are higher due to the high electronegativity
of oxygen in TiO,-structure [34]. Nevertheless it is visible that the
dominating N(1s) peak in the doped samples is at lower binding en-
ergy than in the undoped sample. This may be seen as an evidence for
nitrogen doping since peak close to 399 eV has been attributed to
anionic N~ in O-Ti—-N linkages [34]. Titanium Ti(2p) region is

Table 2

Band gaps of the TiO; films from doped A-, doped B-, and undoped series.
Film thickness, nm Band gap, eV

A B Undoped

26 3.7 3.7 3.7
5 37 37 3.7
10 37 37 37
15 37 3.6 3.7
30 3.6 35 3.6
65 35 3.7 34
130 33 33 33
260 31 31 32

shown in Fig. 3b. Titanium peak Ti(2ps/;) appeared at 458.8 eV in
all doped and undoped samples and is attributed to Ti** as in Ti(IV)
oxide. In O(1s) region two peaks were found after deconvolution for
doped and undoped samples (Fig. 3c). The dominating peak 1 was
found at 529.9 eV for all samples representing lattice oxygen in TiO,.
A shoulder for peak 1 around 532 eV (peak 2) has been attributed to
chemisorbed and hydrogen bonded surface water [36]. In the undoped
sample the peak 2 was noticeable and located at 531.8 eV hence being
an indication of chemisorbed water. In both doped A and doped B sam-
ples peak 2 was shallower and located at somewhat lower energies at
531.4 eV and 531.6 eV, respectively. To be precise there seems to be
less chemisorbed water on the doped samples than on the undoped
sample. The doping has apparently affected the hydrophilicity which
is shown in the discussion for photoactivity. Carbon spectra for C(1s)
are shown in Fig. 3d. The main peak for doped samples was at
286.1 eV and it seemed to be shifted from undoped main peak of
285.6 eV. The peak at 286.1 eV could be attributed to C—N-bonds
but their formation within the TiO, film is unlikely since the level of car-
bon impurities was low in the deposition process. Other peaks for all
doped and undoped films appear around 287 eV and 290 eV which
may be ascribed to variable bonds between carbon and oxygen. Howev-
er it is probable that the C(1s) peaks emerged due to surface contamina-
tion during the sample handling.

The photoactivity of the films was measured with the water
contact angle test. The thin films had been kept in storage in alumi-
num foils and polyethylene bags which protect the films from light.
The films were irradiated with UV light instantly after taking them
out of storage. The contact angles were measured immediately and
after 15 and 30 min of irradiation. The results are shown in Fig. 4. A
commercial product of Pilkington Activ™ glass was also tested
(Fig. 4). In the doped A- and B-series the contact angle in the 15 nm
anatase film reached a value of less than 10° already within 15 min
of UV-irradiation; A-sample showing superhydrophilicity. In doped
A-series the value of 15 nm film increased slightly within further irra-
diation. The increase may have been due to oxygen absorption that
changes the surface characteristics of the film. The hydroxyl groups
that are found to be active species in hydrophilicity [37] are less
attracted to an oxidized surface making it more hydrophobic. The
increase in contact angle was also seen with the films of 2.6 nm and
5 nm of doped A-, and B-series (not shown here). The SEM images
showed (not presented here) that the films of 2.6 nm, 5 nm and
10 nm in doped A-series and 2.6 nm and 5 nm in doped B-series pos-
sessed spherical grains but they did not cover the whole film surface.
This probably resulted in increased oxygen absorption within the
films leading to lower hydrophilicity. The Activ™™ film had been kept
in darkness but not in the aluminum foil and had been freely exposed
to air. This is most probably the reason why one could not see any
effect of oxygen absorption and in 30 min the contact angle decreased
down to 11° showing good photoactivity. It is noticeable that in the
undoped series all the films had reasonably good photoactivity includ-
ing the rutile dominated films. In the doped B-series only the anatase
films showed a good photoactivity. In the A-series where the doping
effect had been apparently higher, only the 15 nm anatase film had a
good photoactivity. The XPS results indicated interstitial N-doping and
the doped films possessed less chemisorbed water than the undoped
film. Substitutional N-doping has been found to favor the formation of
oxygen vacancies whereas interstitial doping may prevent it [38,39].
Oxygen vacancies create a hydrophilic surface since they dissociate
water forming bridging hydroxyl groups on the TiO, surface [40]. In
addition oxygen vacancies have been found to be more common on
rutile than on anatase [41]. Therefore N-doping may have decreased
the amount of oxygen vacancies especially in the anatase-rutile-mixture
films. This might explain the clear decrease of hydrophilicity in the
doped A- and B-series.

The majority carrier polarity of doped A- and B-series, and undoped
series was measured by the hot probe test and the results are shown in
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Fig. 3. Fitted XPS spectra for doped A-series, doped B-series, and undoped series 260 nm thick films.

Table 3. It can be seen that in all series the anatase dominant films are
p-type and rutile dominant films are n-type. In our previous paper we
reported parallel results and proposed a theory that p-type anatase or
anatase dominant TiO, film is superior in hydrophilicity compared to
n-type rutile TiO, due to larger number of holes in the structure [42].
Similarly this study shows that in all film series (p-type) anatase films
possess higher photoactivity than (n-type) rutile.

The photocatalytic activity of the films was tested by the methylene
blue (MB) degradation test. The test was run for 4 h. The effect of sur-
face adsorption alone on reducing the MB concentration was tested in
the dark by immersing the samples in the solution. The methylene
blue concentration was not reduced during the test and therefore no
significant adsorption had taken place. Fig. 5 shows the results for the
photocatalytic activity for the series of doped A, doped B, and undoped
TiO,. The highest photocatalytic activity in all series is found with
15 nm thick film. Pilkington Activi™ performed quite well but the
15 nm and 30 nm thick films of series A degraded a higher amount of
methylene blue. Recently Kddridinen and Cameron [42] proposed that
for a good photocatalytic performance TiO, needs p-type anatase
phase and n-type rutile phase-structure to form p-n junctions which
decrease the recombination of the electron-hole pairs. In Fig. 5 it is
seen that in all series the anatase dominated film with a small amount
of rutile produces the best photocatalytic activity. Therefore it can be
concluded that the p-n junction works also in these doped A-, doped
B-, and undoped series. The photocatalytic activity increased to 260%
when comparing the doped A-series and undoped series. The A-series
was doped with a higher feeding pressure of ammonium hydroxide
than in B-series and this may explain why the B-series performed infe-
rior to A-series.

Film resistivity was measured in order to find out about the elec-
trical differences in films using a four-point-probe. The results are
shown in Fig. 6. It can be seen that the undoped films possess the

highest resistivity and the A series has the lowest resistivity. At very
low film thicknesses of 2.6 nm to 10 nm the resistivity was very
high and could not be evaluated. At higher thicknesses the resistivity
decreases in all series as would be expected. The difference in resis-
tivity is clear at a thickness of 260 nm where the resistivity is highest
with the undoped sample and lowest with the doped A-series sample.
Therefore it is clear that the nitrogen doping has increased the con-
ductivity in A- and B-series. Furthermore higher electron (or hole)
concentration in the TiO, may change the occupancy of trapping sites
within the bandgap thus reducing the recombination of photogenerated
electron-hole pairs. Together with the existence of p-n junctions, the
longer lifetime of photoactivated carriers will lead more charge carriers
reaching the surface of the crystals and enabling more oxidation-
reduction events there.

4. Conclusions

A nitrogen doping trial of titanium dioxide was attempted by
using ammonium hydroxide solution as a nitrogen and oxygen source
in atomic layer deposition. The band gap evaluation showed a minor red
shift for the thickest doped films. X-ray photoelectron spectroscopy
analysis showed that interstitial nitrogen was found in the doped sam-
ples. The photoactivity was reduced especially in doped rutile dominated
samples. However the doping improved the photocatalytic performance
significantly. The film resistivity measurements demonstrated that the
doped TiO, series had higher conductivity than the undoped TiO,. The
higher conductivity is most probably due to the nitrogen doping which
provided an excess of negative charge carriers, particularly in the rutile
films. According to hot probe test all the anatase or anatase dominant
films were p-type and all the rutile dominant films were shown to be
n-type. The best photocatalytic performance in all doped and undoped
films took place with films that were anatase dominated containing a
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Fig. 4. Water contact angles of titanium dioxide thin films for doped A-series, doped
B-series, and undoped series measured at 0 min, 15 min, and 30 min under UV-irradiation.

small amount of rutile. The reason may be the creation of p-n junctions
which are formed of p-type anatase and n-type rutile which slow down
the recombination effect. Together the doping effect and p-n junctions
result in superior photocatalytic performance.
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260 n-Type n-Type n-Type

50
®A
“é 404 a aoB
°© A Undoped
=] 'S .
£ 5 X Activi™
g X
8 ® a ©
© 20
g = A A ¢
b § B A
J A
=10 E E
a
0 1 L
1 10 100 1000

Film thickness, nm

Fig. 5. Methylene blue degradation of doped A-series, doped B-series, and undoped
series films.

1000
SA
o ae
100 E A Undoped
A X Activ™
£
$ 10 * &
(o] X <@
2 o
2
k7 ¢
(]
[
o 0.1
®
0015 50 100 150 200 250 300

Film thickness, nm

Fig. 6. Film resistivity of doped A-series, doped B-series, and undoped series films.

also Mr. Markku Heinonen from the University of Turku, Department
of Physics and Astronomy for performing the XPS characterization.

References

[1] X. Chen, S.S. Mao, Chem. Rev. 107 (2007) 2891.
[2] LC. Ladiu, V. Danciu, V. Cosoveanu, A. Rustoiu-Csavdari, P. Lianos, Rev. Roum.
Chim. 47 (2002) 1247.
[3] D. Buso, J. Pacifico, A. Martucci, P. Mulvaney, Adv. Funct. Mater. 17 (2007) 347.
[4] C.-S.Chi,]. Choi, Y. Jeong, O.Y. Lee, H.-J. Oh, Thin Solid Films 519 (2011) 4676.
[5] H.Yu, X-J. Li, S.-]. Zheng, W. Xu, Mater. Chem. Phys. 97 (2006) 59.
[6] J. Yu, M. Zhou, H. Yu, Q. Zhang, Y. Yu, Mater. Chem. Phys. 95 (2006) 193.
[7] W. Zhang, Y. Li, S. Zhu, F. Wang, Catal. Today 93-95 (2004) 589.
[8] K.-J. Zhang, W. Xu, X.-J. Li, S.-J. Zheng, G. Xu, J.-H. Wang, Trans. Nonferrous Met.
Soc. China 16 (2006) 1069.
[9] A.A.Ismail, D.W. Bahnemann, L. Robben, V. Yarovyi, M. Wark, Chem. Mater. 22
(2010) 108.
[10] H. Lin, H. Kozuka, T. Yoko, J. Sol-Gel Sci. Technol. 19 (2000) 529.
[11] Q. Xiao, Z. Si, J. Zhang, C. Xiao, Z. Yu, G. Qiu, ]. Mater. Sci. 42 (2007) 9194.
[12] T. Lindgren, J.M. Mwabora, E. Avendafio, J. Jonsson, A. Hoel, C.-G. Granqvist, S.-E.
Lindquist, J. Phys. Chem. B 107 (2003) 5709.
[13] F. Peng, L. Cai, L. Huang, H. Yu, H. Wang, J. Phys. Chem. Solids 69 (2008) 1657.
[14] M. Qiao, Q. Chen, S. Wu, J. Shen, J. Sol-Gel Sci. Technol. 55 (2010) 377.
[15] J.S.]Jang, H.G. Kim, S.M. Ji, S.W. Bae, ].H. Jung, B.H. Shon, ].S. Lee, J. Solid State Chem.
179 (2006) 1067.
[16] S. Livraghi, M.R. Chierotti, E. Giamello, G. Magnacca, M.C. Paganini, G. Cappelletti,
C.L. Bianchi, J. Phys. Chem. C 112 (2008) 17244.
[17] A. Trenczek-Zajac, K. Kowalski, K. Zakrzewska, M. Radecka, Mater. Res. Bull. 44
(2009) 1547.
[18] H.-L.Qin, G.-B. Gu, S. Liu, Mater. Chem. Phys. 112 (2008) 346.
[19] D.J. Mowbray, J.I. Martinez, ].M. Garcia Lastra, K.S. Thygesen, K.W. Jacobsen,
J. Phys. Chem. C 113 (2009) 12301.
[20] K. Prabakar, T. Takahashi, T. Nezuka, K. Takahashi, T. Nakashima, Y. Kubota, A.
Fujishima, Renew. Energy 33 (2008) 277.
[21] G. Hyett, M.A. Green, LP. Parkin, J. Photochem. Photobiol. A Chem. 203 (2009) 199.



M.-L. Kddridinen, D.C. Cameron / Thin Solid Films 526 (2012) 212-217 217

[22] Y. Kuroda, T. Mori, K. Yagi, N. Mkihata, Y. Kawahara, M. Nagao, S. Kittaka, Langmuir
21 (2005) 8026.

[23] N. Sato, M. Matsuda, M. Yoshinaga, T. Nakamura, S. Sato, A. Muramatsu, Top.
Catal. 52 (2009) 1592.

[24] V. Pore, M. Heikkild, M. Ritala, M. Leskeld, S. Areva, J. Photochem. Photobiol. A
Chem. 177 (2006) 68.

[25] R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki, Y. Taga, Science 293 (2001) 269.

[26] M.-L. Kadridinen, T.O. Kddridinen, D.C. Cameron, in: D.M. Mattox (Ed.), 50th
Annual Technical Conference Proceedings, Society of Vacuum Coaters, Albuquerque,
2007, p. 335.

[27] R. Swanepoel, J. Phys. E Sci. Instrum. 16 (1983) 1214.

[28] M.-L. Kddridinen, T.O. Kddridinen, D.C. Cameron, Thin Solid Films 517 (2009) 6666.

[29] A. Mills, A. Lepre, N. Elliott, S. Phopal, L.P. Parkin, S.A. O'Neill, J. Photobiol.
Photochem. A 160 (2003) 213.

[30] P. Chin, D.F. Ollis, Catal. Today 123 (2007) 177.

[31] N.C. Saha, H.G. Tompkins, J. Appl. Phys. 72 (1992) 3072.

[32] X. Chen, C. Burda, ]. Phys. Chem. B 108 (2004).

[33] Y. Nosaka, M. Matsushita, J. Nishino, A.Y. Nosaka, Sci. Technol. Adv. Mater. 6
(2005) 143.

[34] Y. Cong, J. Zhang, F. Chen, M. Anpo, J. Phys. Chem. C 111 (2007) 6976.

[35] X.Zhou, F. Peng, H. Wang, H. Yu, J. Yang, Mater. Res. Bull. 46 (2011) 840.

[36] W. Zhang, ]. Yang, Y. Luo, S. Monti, V. Carravetta, J. Chem. Phys. 129 (2008)
064703.

[37] M.R. Hoffmann, S.T. Martin, W. Choi, D.W. Bahnemann, Chem. Rev. 95 (1995) 69.

[38] C. Di Valentin, G. Pacchioni, S. Livraghi, E. Giamello, J. Phys. Chem. B 109 (2005)
11414.

[39] C. Di Valentin, E. Finazzi, G. Pacchioni, A. Selloni, S. Livraghi, M.C. Paganini, E.
Giamello, Chem. Phys. 339 (2007) 44.

[40] R. Schaub, P. Thostrup, N. Lopez, E. Legsgaard, 1. Stensgaard, J.K. Norskov, F.
Besenbacher, Phys. Rev. Lett. 87 (2001) 266104.

[41] W. Hebenstreit, N. Ruzycki, G.S. Herman, Y. Gao, U. Diebold, Phys. Rev. B 62
(2000) R16334.

[42] M.-L. Kadridinen, D.C. Cameron, Surf. Sci. 606 (2012) L22.



Paper V

Zinc release from atomic layer deposited zinc oxide thin films and its bactericidal effect

on Escherichia Coli

M.-L. Kaaridinen, C.K.Weiss, S. Piitz, S. Ritz, D.C. Cameron, V. Mailander, K. Landfester

Submitted manuscript






Zinc release from atomic layer deposited zinc oxide thin films and its bactericidal

effect on Escherichia Coli

M.-L. Kadridinen*!, C. K. Weiss?, S. Ritz%, S. Piitz%, D. C. Cameron!, V. Mailander?®, and
K. Landfester?

!ASTRaL, Lappeenranta University of Technology, Sammonkatu 12, FI-50130 Mikkeli,
Finland

*marja-leena.kaariainen@lut.fi, tel. +358 40 536 2585

Max Planck Institute for Polymer Research, Ackermannweg 10, D-55128 Mainz, Germany
*I11. Medical Clinic, University Medicine of the Johannes-Gutenberg University Mainz,
Langenbeckstr. 1, D-55131 Mainz, Germany

Abstract

Zinc oxide films have been grown by atomic layer deposition (ALD) at different reaction
temperatures and in various thicknesses. Zinc-ion release has been examined from the ZnO
films in water and in phosphate buffered saline solution (PBS). Additionally, the bactericidal
effect has been studied on Escherichia Coli. The thickness of the ZnO film or its crystal
orientation did not affect the rate of dissolution. ALD grown aluminum oxide films were
deposited on top of the ZnO films and they acted as an effective block effect against zinc
dissolution. The bactericidal effect was not dependent on the film thickness but both 45 nm
and 280 nm thick ZnO films significantly reduced bacterial attachment and growth in dark
conditions by 99.7% and 99.5%, respectively. The results indicated that photoirradiation is
not required for bactericidal effects and that the elution of zinc ions is probably responsible
for the antibacterial properties of the ZnO films. The duration of the antibacterial effect of
ZnO can be controlled by accurate control of the film thickness, which is a feature of ALD,
and the onset of the antibacterial effect can be delayed by a time which can be adjusted by
controlling the thickness of the Al,O3 blocking layer. This gives the possibility of obtaining

complex antibacterial release profiles through a nanolaminate structure of these two materials.

Keywords: zinc oxide thin film; atomic layer deposition; zinc release, bactericidal zinc



1. Introduction

The field of zinc oxide (ZnO) thin films has been extensively studied and there are several
methods such as reactive magnetron sputtering, electron beam evaporation, and chemical
vapor deposition that have been used in their production [1-4]. During recent years, atomic
layer deposition (ALD) has gained immense interest for producing metal oxides and a large
number of studies have been conducted on ZnO, for example, [5-8]. ZnO in thin film form
has been generally found to be an n-type semiconductor with a bandgap of about 3.3 eV, i.e.

absorption begins near the UVA area.

ZnO thin films have a great variety of potential applications such as light emitting diodes
(LEDs), laser diodes (LDs), solar cells, liquid crystal displays, thin film transistors, and gas
sensors [8-12]. ZnQO is also applicable to air and water purification and waste remediation [13]
due to its photoactive and photocatalytic properties which make it similar in effect to titanium
dioxide [7-10] with a bandgap of 3.2 eV (anatase). In addition ZnO is antibacterial and has
already been studied for several decades in bactericidal tests [18-24], and orthopedic and
dental clinical treatments [25-27]. A variety of ZnO nanostructures have been studied both in
surface energy modifications, photocatalytic treatments, and bacteriocidal tests [28-31].
Although nanostructures such as powders have been found to be very efficient in use there are
risks in their use of causing toxicological and environmental effects [32]. Thin films which
are firmly attached to their supports (substrates) may be a good option for air and water
purification and antibacterial purposes since they are easily removable from the location
where they are utilized. Thin films may be also safer since they probably do not release

nanoparticles from their surface.

ALD is a surface controlled gas phase chemical vapor deposition process where thin films can
be deposited in a layer by layer manner [33]. The film growth in ALD is self-limiting,
contributing several advantages. The thickness of the films can be controlled by the number
of reaction cycles, thereby enabling the precise growth of ultra thin layers. ALD can be used
to deposit stoichiometric films with large area uniformity and conformality even on complex
surfaces with deformities. Layer-by-layer growth allows one to change the film composition
abruptly after each step. This gives the possibility of depositing multicomponent films such as

nanolaminates or mixed oxides.



In this article we have studied the zinc release from ALD -grown zinc oxide thin films which
have been immersed in water or body fluid simulant. Zinc release has also been tested with
ZnO films which have 5-15 nm of aluminum trioxide (Al,O3) deposited on top in order to
control the zinc elution from the ZnO film. Al,O3 acts as a temporary blocking layer to
prevent zinc eluting from the ZnO film. In addition, bactericidal tests have been conducted

with ZnO thin films of different thicknesses.

2. Experimental

Zinc oxide films were grown by atomic layer deposition (ALD) using diethylzinc
(Zn(C,Hs),) (DEZ) and deionized water as precursors at reaction temperatures of 120 °C and
200 °C. The sequence of the deposition was: pulse (DEZ) - rinse (N) — pulse (H20) — rinse
(N2) with timings of 0.7-1.5-0.5-1.0 s. Different film thicknesses between 45 nm and 280 nm
were deposited. An additional series of films at both temperatures was also created where
aluminum trioxide (Al,O3) films of 5-15 nm were deposited on top of the ZnO films.
Trimethylaluminum and deionized water were used at 220° C in Al,O3 deposition. Generated
nitrogen of 99.999% purity was used as a carrier and purging gas (INMATEC IMT-PN 1150,
INMATEC GaseTechnologie GmbH & Co0.KG). The deposition was carried out in a TFS-500
ALD reactor (Beneq Oy) at 5x10° - 1x10° Pa pressure. The precursors were kept at 20 °C
during the deposition. The film thicknesses were measured with a spectroscopic ellipsometer
M-2000FI from J.A.Woollam Co., Inc. on co-deposited samples on polished silicon
substrates. The structure and crystalline phases of the films were examined by X-ray
diffractometry (XRD) (Phillips X'Pert) using CuKa radiation (A=1.548). The XRD patterns

were acquired with a glancing angle of 0.2° for the incident beam for a range 20=25-60° with
a step size of 0.02° and with Bragg-Brentano geometry. Morphology was studied with a
Hitachi S4800 field emission scanning electron microscope (SEM). Zinc release from zinc
oxide films was studied by immersing the samples in deionized water and phosphate buffered
saline solution (PBS) which is commonly used as body fluid simulant in biological studies.
The ZnO films were placed in closed plastic containers and immersed in 5 ml of liquid. The
samples were kept in dim light for 24 h and the films were removed from the liquid. The same
procedure was performed for blank borosilicate samples in order to provide control samples
for the measurement. In the long test series, the films were kept in 10 ml water or PBS.

Solution containing the eluted material was collected for analysis every 24 hrs and the sample
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was immersed in fresh solution. The test was continued for 38 days. The zinc release was
analyzed from the elute-containing solution with inductively coupled plasma mass
spectrometry (ICP-OES) using an ACTIVA M spectrometer from Horiba Jobin Yvon.

Antimicrobial activity test (non-growing conditions): as ZnO is a photocatalytic
semiconductor, bactericidal tests were performed in the dark to separate the photocatalytic
from the chemical Zn release -effect. A fresh shake culture of Escherichia coli (E.coli K-12
wildtype, K-12 DSM 498, ATCC 23716) was prepared in sterile LB medium by shaking at 37
°C and 200 rpm for 18 h. An exponential growing culture was obtained by dilution with
sterile LB medium to an absorbance of 0.1 at 600 nm and shaking to an absorbance of 0.5 at
600 nm which correspond to a concentration of 1.0 x 10® CFU mL™ (determined by plating
and counting of serial dilutions). The bacteria solutions were further adjusted with KH,PO,
buffer (0.3 mM, pH 7.2, sterile) to ~2.5 x 10° CFU mL™. ZnO films (triplicate, 2.5 x 2.5 cm,
6.25 cm?) were submerged in 7 mL bacteria dilution. Uncoated borosilicate glass (2.5 x 2.5
cm, 6.25 cm?) served as control surfaces. Samples were incubated on a horizontal shaker
(Innova 44, New Brunswick Scientific) at 37 °C and 150 rpm for 1 h. The bacteria
concentration were determined at time Toand Ty, by serial dilutions in saline (undiluted, 1:25,
1:125), plating of an 50 pL aliquot on agar plates and incubation for 24 h at 37 °C to give an
estimate of viable cell count as CFU mL™. The mean value and standard deviation (SD) was
calculated from the serial dilutions of each sample). The percent of bacterial reduction was
calculated from treated sample (A) directly compared to untreated control (B) at Ty, where
reduction is defined by R, % (CFUML™) = (B crumt™ = A crumt ™ )/B crumi ™ X 100.

Bacterial attachment: a fresh shake culture of E.coli was prepared as described above and the
bacteria were diluted with minimal LB medium to 1.5 x 10° CFU mL™. Samples (2.5 cm x 2.5
cm, 6.25 cm?) and silicon wafer control were placed in a 6-well culture plate (Greiner,
Germany) and submerged with 2 mL bacteria dilution, covered with a lid, sealed with
parafilm and incubated on a horizontal shaker (Innova 44, New Brunswick Scientific) at 37
°C for 24 h. Then the samples were placed in a fresh 6 well culture plate and washed 4 times
with saline. Bacteria attaching to the films were stained with Live/Dead BacLight Bacterial
Viability Kit (Life Technologies, Germany) according to the supplier’s protocol. The bacteria
were imaged on an inverted microscope (Olympus 1X-70) equipped with a 100 W mercury
lamp, a 20x phase contrast objective and a CCD camera (F-View, Olympus) for digital

imaging. Living bacteria stained with SYTO 9 (green) were excited with a band pass filter at
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470 nm to 490 nm and the emission was detected by 520 nm. Dead bacteria cells stained with
propidium iodide were excited with a band pass filter at 530 — 550 nm and the emission was
detected by 590 nm. Image processing performed with CellSens Dimensions 1.5 (Olympus)

and ImageJ (Fiji).

3. Results and Discussion

ZnO thin films with various thicknesses were deposited by ALD at reaction temperatures of
120 °C and 200 °C. Figure 1 shows the X-ray diffractograms of the ZnO films.

100
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W 45 nm 200°C
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Figure 1. X-ray diffraction spectra using a glancing angle for zinc oxide with various
thicknesses deposited at 120 °C and 200 °C.

Using a glancing angle of 0.2°, the crystal structure of ZnO was found to be the hexagonal,
wurtzite phase. The ZnO films were polycrystalline and the dominating peak was (100) but
also (002), (101), and (110) orientations were found in all the films. The XRD patterns were
also acquired with Bragg-Brentano geometry and the results showed the same trend with

(100) being the strongest peak (not presented here). In contrast to these results studies have



shown that (002) is the thermodynamically most stable surface (002) and it has been the most
common in the ALD grown ZnO films over a range of temperatures (130-300°C) and
substrates (glass, Si (001), sapphire (0001)) [7, 34-37]. The evolution of the peak height
suggests that the crystals are randomly oriented in the initial growth stages but as film
thickness increases there are few (002) planes parallel to the substrate (or indeed at an angle

to diffract the glancing angle beam).

ZnO films prepared at both deposition temperatures were used in 24 h dissolution tests. ZnO
films were immersed in both water and PBS solutions. The results are shown in Figure 2. The
uncertainty of ICP-OES measurements was calculated by measuring the Zn signal using
uncoated borosilicate samples in both water and PBS systems. These measurements gave a
baseline of 0.028 mg L™ in water and 0.021 mg L™ in PBS solution. Based on Figure 2, zinc
dissolution in the PBS buffer is low. It is likely that Zn3(PO,)3 is generated with the phosphate
from PBS. Zinc phosphate has a low solubility leading to a limit in the measurable
concentration of Zn*" in the supernatant. However, calculation of the maximum possible zinc
concentration based on the phosphate concentration show that the maximum concentration is
much higher than the measured values which can then be taken to be proportional to the true
concentration of eluted zinc. The dissolution in water seems to show a bigger variation
between the samples. However, allowing for measurement uncertainty, there is no clear trend

in the data to suggest that the elution rate is dependent on film thickness.
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Figure 2. Zinc ion concentration in the supernatant after 24 h from various ALD grown ZnO
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films in water and PBS solution measured by ICP-OES.

ALD grown ZnO films of 45 nm thickness were further coated with Al,O3 ALD films in order
to study the blocking effect of the overlayer on the zinc release. Three different thicknesses of
5 nm, 10 nm, and 15 nm of Al,O3; were deposited on the 45 nm ZnO films. The aluminum
release was also measured by ICP-OES but the results showed no measurable aluminum
dissolution in either water or PBS solution. Considering the density of ZnO of 5.7 glcm® (the
value for bulk material) and the area of the thin film sample (25 cm?) zinc mass release was
converted into a decrease in the ZnO film thickness. The accumulated decrease in the

thickness of ZnO films with various Al,O3; coatings for each sampling day is presented in

Figures 3 (water solution) and 4 (PBS solution).
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Figure 3. The decrease in ZnO film thickness during the long test in deionized water.
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Figure 4. The decrease in ZnO film thickness during the long test in PBS solution.



In Figure 3, a plateau shows that the rate of elution has decreased almost to zero at
approximately 10 days for the uncoated ZnO. The film with the 5 nm Al,O3 blocking layer
initially shows a similar rate of elution but then there is a reduced rate and the amount of
eluted material slowly increases up to the end of the test. As discussed below, it is likely that
the 5 nm Al,O; film does not produce complete conformal coverage of the underlying zinc
oxide thus the zinc oxide is immediately exposed to the solution at certain points on
immersion. The blocking effect becomes clear with 10 nm and 15 nm Al,O3 coatings. The
zinc release is blocked for 18 days after which the release is much bigger than with plain ZnO
film. In 35 days 30 nm of the ZnO film with 10 nm Al,Osis gone and 20 nm is gone from the
ZnO with 15 nm Al,O;3 film. The measurements of the amount of zinc eluted are subject to the
experimental uncertainty as mentioned above so the difference in the total amount eluted for
the 10 nm and 15 nm blocking layers may not be completely reliable. The rate of zinc release
is much faster for the aluminium oxide-coated films compared with the uncoated ones. This
may be due to some complex behavior where both ions are involved. In Figure 4 the release
rates into PBS are lower than in the water tests which agrees with the results of Figure 2. In
all cases, the zinc is eluted at approximately a constant rate once the blocking layer becomes
ineffective but in this case a plateau is not reached. After 35 days 1.0-1.8 nm of the ZnO films
is gone. As mentioned earlier the low zinc concentrations may be partly due to the formation
of zinc phosphates which cannot be detected as zinc in ICP-OES. As for Figure 3, the elution
rate is faster where there is a thicker aluminium oxide blocking layer. It is interesting and
important to note that the blocking effect of the aluminium oxide layer on the zinc release
ends around the same day in both water and PBS solution. It is clear, therefore, that the
duration of an antibacterial effect can be controlled by the thickness of the deposited film and
moreover that the deposition of a blocking layer on top of the zinc oxide can be used to
control the onset of any antibacterial effect. Allowing for experimental uncertainty, there may
be little difference between the elution rates for the uncoated/5 nm coated film pair and also
between the 10/15 nm coated film pair. If we consider that the 5 nm film may have some thin
areas or pinholes due to particle contamination of the substrate before growth then the ZnO
will be exposed in both samples immediately. However, for the film with the 5 nm blocking
layer, the dissolution rate is somewhat slowed by the restriction in the rate of diffusion of the
solution towards the ZnO and also the rate of diffusion of the Zn ions away from the ZnO.

A scanning electron microscopy (SEM) image of the 110 nm thick film deposited at 200 °C is
presented in Figure 5. The image on the left shows original polycrystalline ZnO film before

the dissolution test. The image in the middle and on the right shows the 110 nm ZnO film
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after 24 h immersion in deionized water and PBS solution, respectively. The immersion in
water seems to have dissolved the ZnO surface more evenly than PBS solution. The image of
immersion in PBS solution shows holes as if certain crystals have been dissolved or removed
whereas others still remain attached.

Figure 5. SEM images of 110 nm ZnO film before 24 h immersion (left), after immersion in
deionized water, and after immersion in PBS-solution.

Investigation of biofilm formation to test the non-specific binding of E.coli was performed on
ZnO films of 45 nm and 280 nm thicknesses. The surfaces were incubated with ~ 3 x 10°
CFUs of E.coli for 24 h, washed and stained with dyes for living (Syto9, green) and dead
(propidium iodide, red) cells. Figure 6 shows exemplary the remaining bacteria on the films
and indicate a general reduction of E.coli attachment on ZnO surfaces produced by ALD,
independent of the thickness.
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Figure 6. Biofilm formation of E.coli on ZnO films of 45 nm (right column), 280 nm (middle
column), and borosilicate glass control (left column). Samples were submersed with E.coli
suspension (1.25x10°) in minimal LB-medium for 24 h in the dark. Bacteria were stained with
fluorescent dyes discriminating between live (green) and dead (read) bacteria. Scale bar is 20

pm.

Antimicrobial activity was studied by an adapted version of a Standard Test Method for
Determining the Antimicrobial Activity of Immobilized Antimicrobial Agents under Dynamic
Contact Conditions (E2149-10; ASTM International). Two zinc oxide films with a thickness
of 45 nm and 280 nm from 200 °C series and a borosilicate glass control were subjected to
orbital rotation (200 rpm) for 1 h submerged in buffer solutions containing E.coli (K12, strain
498, DSMZ) concentrations of ~ 2.5 x 10° colony forming units (CFU) per mL at 37 °C.
Using buffer solution instead of growth medium provides metabolic stasis of the population
and prevents the overlay with the growth phase of the bacteria (and therefore reduces the

variability). The resultant solutions spread on agar plates are shown in the Figure 7.



ZnO film (45 nm) control

ZnO film (280 nm)

Figure 7. Antimicrobial activity of ZnO films. Images showing E.coli colonies (CFUs, colony
forming units) on agar plates which have been in contact with ZnO films (45 nm and 280 nm)
and borosilicate glass control for 24 h in the dark.

The calculated bacterial reduction for 45 nm and 280 nm ZnO film was R = 99.7% and
99.5%, respectively. The difference in the antibacterial performance of the two different films
was not significant. Considering that the antibacterial tests were performed in the dark,
antibacterial activity of the ZnO films due to photocatalytic effects can be excluded. The
bactericidal effect must therefore arise from the ZnO film material and structure itself. Zn*
ions have previously been found to produce an antibacterial effect [20,21]. Other studies have
shown that the elution of Zn®* has been enhanced under acidic conditions and in the presence
of biological components such as amino acids and peptides [19]. The antibacterial tests
showed no dependence of efficacy on film thickness. This is consistently supported by the
ICP-OES analysis which shows similar concentrations of hydrated Zn*" ions for the 45 nm

and 280 nm films.
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4, Conclusions

Zinc ion release from ALD grown ZnO films and its bactericidal effect on E.coli have been
investigated. ZnO films were deposited in two different reaction temperatures and with
various thicknesses. There was no evidence found that the film thickness or ZnO crystal
orientation would affect the dissolution of zinc from ZnO films. Aluminum oxide showed an
effective blocking effect; a layer of only 10 nm blocked the zinc release for 18 days in water
and 16 days in PBS. Hence it may be used as a controller for zinc release. Both 45 nm and
280 nm thick ZnO films proved to be highly efficient in antibacterial efficiency and destroyed
E. coli by 99.7% and 99.5%, respectively. The zinc ions rather than photocatalytically
generated species are responsible for the antibacterial effect. A combination of controlled
ZnO and Al,O3 thin films can be used to design a time sequence of antibacterial activity
where the onset of the activity can be delayed by the thickness of the Al,O3 layer. This also
indicates that a multilayer nanolaminate structure of alternating ZnO and Al,O3 films could be
used to tailor a complex sequence of high and low antibacterial activity which would be

useful in medical applications.
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