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Abstract

The materials of today have intriguing properties. The mastering of phenomena at the
nanometer range often forms the basis for the understanding of novel materials and their
functional properties. In this thesis three materials - zinc oxide (ZnO), titanium dioxide (TiOy)
and tungsten trioxide (WOs3) - in the form of thin films less than 100 nanometers in thickness
are being studied from the surface functionalization point of view. The film application method
used was atomic layer deposition (ALD).

First, the low-temperature deposition features of ZnO were studied. The deposition could be
performed at as low as room temperature. Below 70 °C the hexagonal wurzite structure of ZnO
oriented along the c axis, and above this temperature orientation along the a axis was also
observed. The crystallinity improved in post-deposition annealings at 400-600 °C in argon and
oxygen atmospheres while keeping the original preferential orientation unchanged. ZnO was
also used to study the tailoring of a natural template, the wing surface of the cicada (Pomponia
Intermedia) insect. The nanoscale pillar structure of the cicada wing could be area-selectively
coated with a 100 nm thick ZnO film in the interstitial space between the pillars. By applying a
thin aluminum oxide seed layer prior to ZnO deposition the wing nanostructure could be
uniformly coated. Furthermore, the water wettability of the cicada wing was studied. The
originally superhydrophobic wing surface was coated with ZnO while keeping the original
superhydrophobicity almost intact. When exposed to ultraviolet (UV) light the surface was
successfully turned hydrophilic and back to hydrophobic under storage in dark. The tunable
wettability phenomenon was used to demonstrate directing fluid flows on planar, ZnO-coated
quartz surfaces utilizing hydrophilic patterns irradiated on a hydrophobic surface by UV laser.
The reversible patterning may find use in microfluidic and lab-on-a-chip devices.

TiOs is acommon ALD film material capable of being deposited at low temperatures. Here
its possibilities were demonstrated by depositing a TiO5 layer on nanofibrillated cellulose
(NFC) template, and after removal of the template using the formed TiO5 nanotube network in
adropcast form as a humidity sensor. The usable relative humidity range was 40-80 % where
the dropcast sensor layer gave repeatable resistive and capacitive response.

Finally anew ALD process of WOs films from W(CO) g and O3 was introduced. The ALD
temperature window was observed at 195-205 °C with a deposition rate of 0.23 nm/cycle. This
process provides a straightforward option for the ALD of WO3 as opposed to the methods based
on in situ generated oxyfluoride intermediates published earlier.

Keywords Atomic layer deposition, thin film, funtionalization, wettability, ultraviolet,
humidity, zinc oxide, titanium dioxide, tungsten trioxide
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Tiivistelma

Nykypéivan uusilla materiaaleilla on mielenkiintoisia ominaisuuksia. Perustan uusien
materiaalien ja niiden ominaisuuksien ymmértidmiselle muodostaa monesti nanometri-
mittakaavan ilmididen hallinta. Téssé viitoskirjassa tutkittiin kolmea alle 100 nanometrin
paksuista ohutkalvomateriaalia - Sinkkioksidia (ZnO), titaanidioksidia (TiOs) ja volframi-
trioksidia (WO3) - pinnan funktionalisoinnin ndkékulmasta. Ohutkalvot valmistettiin
atomikerroskasvatus (ALD) -menetelmalla.

Aluksi tutkittiin sinkkioksidin kasvatusta matalissa lampétiloissa. Kasvatus oli mahdollista
jopa huoneenldmpdétilassa. Alle 70 °C:ssa ZnO:n heksagonaalinen wurziittirakenne jarjestyi
pinnalle c-akselin suunnassa ja korkeammissa lampotiloissa havaittiin myo6s a-akselin
suuntaan jarjestymisté. Kalvojen kiteisyytta parannettiin kasvatuksen jalkeen suoritetuilla
lampokasittelyilld 400-600 °C:ssa happi- ja argonkehissé siilyttden samalla alkuperédinen
jarjestyminen. ZnO:n avulla tutkittiin myo6s kaskas-hyonteisen (Pomponia Intermedia) siiven
pinnan muokkaamista. Siiven pinnan pilareista muodostuva nanorakenne paéllystettiin 100
nanometrin paksuisella ZnO-kerroksella valikoivasti pilareiden véliseen tilaan. Koko pinta
saatiin paallystettyi tasaisesti kdyttamalla ohutta alumiinioksidipohjakerrosta
sinkkioksidikerroksen alla. My0s siiven pinnan kastuvuus-ominaisuuksia tutkittiin.
Superhydrofobinen, vettdhylkiva pinta paéllystettiin sinkkioksidilla sdilyttden alkuperdinen
vettidhylkivyys. Pinta voitiin muuttaa hydrofiiliseksi ultravioletti(UV) —valon avulla ja
palauttaa takaisin hydrofobiseksi pimeédssa ympéaristossd. Muunneltavaa kastuvuutta
sovellettiin nestevirtojen ohjaamisessa tasaisella pinnalla valottamalla sinkkioksidipintaa UV-
laserin avulla maskin 14pi ja ohjaamalla vettd syntyneissa hydrofiilisissa kanavissa. Ilmiolla on
sovelluskohteita esim. mikrofluidistiikassa.

Titaanidioksidi on tunnettu ALD-kalvomateriaali jota voidaan valmistaa matalissakin
lampotiloissa. Tassé tyossd sen mahdollisuuksia havainnollistettiin kasvattamalla TiOo-kerros
nanohuokoisen selluloosan péélle ja selluloosan polttamisen jalkeen kayttamalla syntynytta,
TiOs-nanoputkimassaa kosteusanturina. Anturi antoi toistettavan resistiivisen ja
kapasitiivisen vasteen 40-80 %:n suhteellisen kosteuden alueella.

Viimeiseksi esiteltiin uusi, aiemmin julkaistuja prosesseja yksinkertaisempi
volframitrioksidin ALD-prosessi W(CO)g ja O3 -ldhdeaineista. ALD-ikkuna havaittiin 195-205
°C:n alueella jolloin kasvunopeus oli 0,23 nm/sykli.

Avainsanat atomikerroskasvatus, ohutkalvo, funktionalisointi, kastuvuus, ultravioletti,
kosteus, sinkkioksidi, titaanidioksidi, volframitrioksidi
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1. INTRODUCTION

In the modern age, a myriad of new exciting materials have become
available. These often possess previously unimaginable properties.
Novelties are commonly first introduced in military, aeronautic, medical, or
otherwise high-impact applications. With time, they become available for
everyone. A classroom example would be teflon — a fluorinated polymer
with extremely low friction coefficient that was first used for gaskets and
heat-resistant layering in military hardware. Later on it was accepted more
widely in industrial applications where inertness and exceptional
tribological properties were looked for. Finally the non-sticking nature of
teflon made it an ideal surface material for everyman’s cookware.
Surprisingly, teflon was initially found by accident.! More examples of
functional materials can be found easily: titanium nitride and tungsten
carbide hard coatings for cutting tools,> water-vapor-permeable
microporous Gore-Tex layering for sportswear,? high-strength steels for
weight reduction in automotive industry,4 and nanopowders as carriers of
medicinal agents in the human system,5 just to name a few examples.

One approach to tailor surface properties of a bulk material is to introduce
a thin film that possesses the desired properties for the surface. In some
cases a stack of films may be applied to combine several functionalities.
Furthermore, to find new functionalities two or more materials with their
material-specific functionalities may be combined and thus a product that
possesses a tailored combination of the properties of its individual
constituents, or even beyond, is obtained. It is often feasible to introduce
the materials in a thin film form. Thus the functionality and special
properties of the thin film are combined with a low-cost, easily obtainable
bulk material.

A competitive method for making thin film structures is atomic layer
deposition (ALD). ¢-9 It is a highly advanced, now long-endured gas-phase
deposition method that yields thin films and coatings with excellent
conformality, uniformity and minimal rate of defects such as microcracks
or particles. While first specifically developed and used for making
electroluminescent (EL) displays illustrated in Figure 1, the method has
found a diversity of suitable applications over the following years. The most



notable application today is the use of ALD for depositing dielectric high-k

gate oxide layers for computer microprocessors.o:*

R s s ]

Figure 1. The first commercial application utilizing ALD: The flight information displays by
Lohja Corp. Display Electronics Division installed at Helsinki-Vantaa airport in 1983.12

In this thesis the ALD processes of three inorganic binary oxides - ZnO,
TiO. and WO; - were investigated. These oxides are abundantly available in
Earth’s crust and well characterized in the bulk form, but they possess
certain properties that may be utilized by applying them on the surfaces of
bulk objects in the thin film form. In this thesis the ZnO, TiO. and WO; thin
films were mostly studied from the surface functionalization and tailoring
point of view. Surface modification experiments have been conducted with
ZnO and TiO,, whereas for WO; a new ALD process is presented. The
potential applications of the ALD films studied are discussed.



2. THE ATOMIC LAYER DEPOSITION
METHOD

Atomic layer deposition (ALD) is a gas-phase thin film deposition method
often considered as a subcategory of chemical vapor deposition (CVD).
However, in ALD the reactants commonly known as precursors are
introduced on the substrate pulse-wise one at a time separated by inert gas
purging periods contrary to CVD where the precursors are introduced
simultaneously. ALD and CVD methods partially share the same precursor
selection. Also other features of ALD processes can be derived or estimated
from their closely resembling CVD counterparts, such as precursor
evaporation and deposition temperature range, film crystallinity, and
typical precursor behavior related to surface reactions, to mention some.
The ALD technique has traditionally been applied for fabricating binary
oxide, sulfide and nitride thin films but recently also pure metal and
complex oxide films have been deposited. In case of using organic or a
combination of organic and inorganic precursors the ALD method is named
today as molecular layer deposition (MLD). The ALD method was originally
known as atomic layer epitaxy (ALE), a term which is nowadays reserved
for examples of strictly epitaxial growth only. Other names for the ALD
method have been suggested, but ALD has become the generally best
known one, being analogous to CVD.6-9

In its present form ALD has become known by the work initiated by Suntola
et al. 134 in the 1970’s. It should be noted however that ALD-like deposition
of SiO. was reported in the Soviet Union as early as in 1966.%5 The
ALE/ALD method was being developed in the first place uniquely to make
electroluminescent thin film (TFEL) displays. Since the filing of the first
patents it took almost a decade to mature the ALD technology enough for
first commercial TFEL applications. Over the years, the method has become
increasingly known and popular, as is evident in Figure 2 where the number
of annually published papers and patents from 1976 till 2011 is presented.
During the early steps of ALD the interest in the method from the industry
was limited by the relatively low throughput in spite of the otherwise



excellent performance characteristics of ALD compared to other methods.
However, more and more applications have found use of the special
advantages of ALD. Today the commercially most notable application is the
use of ALD for depositing dielectric high-k gate oxide layers for integrated
circuits.'>" Potential applications include three-dimensional electronics,
MEMS devices, nanopatterning and surface tailoring in the nanoscale, just

to mention some.

1200

Publications excluding patents

m Patents
1000

800

600

=

R

B

400

N\

ASRAANEE RN AN

NN

S
R

200

.
AR R
FE
ERIIU R

% % %

i

] R

J N Vv > ) v °
N\ ) D' D O N ) ) > ) %) \) O
S F FF FF PP P g

Publication Year

Figure 2. The number of publications and patents on ALD published annually between 1976~
2011.1

2.1 The ALD principle

In ALD, reactive precursor vapors are introduced on a heated substrate
pulse-wise keeping individual precursor vapors separated. The vapors are
transported by means of an inert carrier gas (typically nitrogen). The
separation of the precursors is realized by inert gas purging (in a flow-type
ALD tool) or simply by long enough pumping between precursor pulses (in
a diffusion-type tool), the former being the more common type both in
industrial and research applications and the latter being typically used in
simple in-house-made research instruments. The temperature of the
substrate is selected such that the surface sites of the substrate become
saturated with a monolayer of precursor molecules, while simultaneously
keeping precursor pulse times long enough to allow complete surface
saturation. In practice, however, the surface coverage is often 1/3 or 1/2 of a



monolayer due to steric hindrance effects caused by large, bulky precursor
ligands. Precursor bonding on the substrate surface may take place by
physical or chemical interactions, and the chemical reactions involved
should be irreversible. After introducing the first precursor and subsequent
purging, a second precursor is introduced that reacts with the previously
formed monolayer of the first precursor. In consequence of the surface
reaction, a monolayer of the desired thin film is obtained. The excess vapor
of the second precursor together with reaction byproducts are finally
purged away from the reaction chamber, completing what is known as an
ALD cycle. The alternate pulsing of precursor vapors separated by inert gas
purging is repeated to yield a thin film of desired thickness. Film thickness
is in many cases directly or almost directly proportional to the number of
ALD cycles repeated, making the thickness control very accurate.

2.1.1  ALD window

The surface-saturating nature of ALD is traditionally illustrated with the
concept known as the ALD window, which depicts the temperature range in
which the deposition is surface-controlled. In this range the deposition rate,
or growth rate is almost independent of deposition temperature. The
deposition rate is typically expressed as growth-per-cycle (GPC) - a
thickness unit of growth per one ALD cycle. Figure 3 illustrates an ALD
temperature window together with the non-ideal growth modes L1, L2 and
Hi1, H2 at low and high temperatures, respectively, that take place outside
this window. The ALD window concept is most successfully demonstrated
in case of binary compound depositions. For ternary compounds the
situation is more complicated to express. Furthermore, in MLD of organic
or inorganic/organic hybrid films the precursor molecules have a tendency
not only to form a surface monolayer but also to be absorbed into the film
during the precursor pulse and desorb from there during the following
purge period. One can easily determine that it is difficult to judge the
successfulness of an ALD process based on the ALD window concept in
these cases, and thus the ALD window is lately mentioned less frequently in
the literature.
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Figure 3. Illustration of the ALD window. The lines L1 and L2 represent precursor
condensation and incomplete surface reaction respectively. The line H1 stands for precursor
decomposition and H2 for precursor evaporation from surface due to high temperature.

2.1.2 Precursors

There are three requirements for a good ALD precursor: volatility, strong
reactivity and thermal stability. Basically the precursors may be in any
phase — solid, liquid or gaseous — but they should be sufficiently volatile to
allow them to be carried by the carrier gas stream. The precursors may be
heated to increase their vapor pressure, and different engineering
techniques may be used to enhance precursor transport. In ALD the
precursors should be as reactive as possible contrary to CVD where
moderate reactivity is desired to prevent gas-phase reactions. Furthermore,
the precursors should be thermally stable at the substrate temperature to
prevent uncontrolled film deposition due to thermal precursor
decomposition. Also the precursors should not dissolve in the film, and the
byproducts formed from the surface reactions should be gaseous, inert and
not detrimental to the ALD process. In most cases in a binary ALD process
two precursors are needed; each to carry one element to the resulting ALD
film. Low cost, ease of handling and non-toxicity of precursors naturally

play a role in the case of industrial ALD processes.



3. FOREWORD FOR THE
EXPERIMENTS

In this thesis ALD of three inorganic binary oxides, ZnO, TiO. and WO, are
discussed mostly from the application point of view. In most examples
presented here ALD of ZnO has been employed in various ways to tailor and
functionalize surfaces. The ALD process of ZnO from diethylzinc and water
has been reported previously and it is well known, but in this work special
emphasis was put on low temperature depositions, even as low as room
temperature. The applicability of an ALD process at this low temperature is
of great importance when the depositions are performed on biological or
otherwise temperature-sensitive substrates.

The ALD process for TiO, from titanium tetrachloride and water is also well
known. TiO. shares many of the characteristics with ZnO. For example the
tunable wettability effect upon ultraviolet illumination is found in both of
these oxides. The ALD chemistries are somewhat different, but both the
ALD processes are considered well understood and well-behaving.
Examples of WO3; ALD films are much scarcer, and the previously published
WO, processes are also rather complicated: They require the use of air-
sensitive and complex precursors, or in situ generation of them. The main
motivator for the WO, process was to find an easily applicable thermal WO,
ALD process that would utilize easily attainable and operable precursors.
There were no specific applications in mind for the newly developed WO,
process, but suitable applications can be expected to be found in the smart
windows or new energy technologies, especially where the conformal nature
of ALD films plays a role.

A common feature for the three binary oxide materials investigated is that
they are wide band-gap semiconductors with partially overlapping
application areas based on their semiconducting nature: photocatalytic
water splitting, self-cleaning surfaces, gas sensors, catalysts, self-cleaning

surfaces, to mention some. In this thesis these materials were applied on



surfaces in thin film form and selected properties were then studied. In case
of WO a new ALD process was introduced, and its potential is discussed.

3.1 Thin film depositions

All of the depositions were performed in an ASM F-120 flow-type hot-wall
ALD reactor in a 1-3 mbar pressure using N, (>99.999 %) as a carrier and
purge gas generated from dry and oil-free compressed air by Schmidlin
UHPN 3000-1 molecular sieve nitrogen separator. Deinoized water or
ozone was used as the oxygen source. Ozone was generated from 50 1/h
oxygen stream (>99.999 %) by a Fischer 502 ozone generator (estimated 5
% ozone in oxygen, corresponding to 5 x 105 bar ozone partial pressure
under deposition conditions). Precursors for Zn, Ti, Al and W were
diethylzinc (Crompton GmbH and Strem, >52 % of Zn), titanium
tetrachloride (Sigma Aldrich, >99 %), trimethylaluminum (Sigma Aldrich,
>97 %) and tungsten hexacarbonyl (Merck GmbH, >99.9 %), respectively.
The films were deposited on 10 x 5 cm? Si(100) and in some experiments
on soda lime and quartz glass substrates. Post-deposition annealings were
performed in an ATV PEO 601 rapid thermal annealing (RTA) oven in Ar
and O. atmospheres at 600—1000 °C.

3.2 UV exposure and contact angle measurements

For wettability experiments the UV irradiations were performed in air
atmosphere in a Rayonet RPR-200 photochemical reactor equipped with
350 nm UV fluorescent tubes at ~15 cm distance from the sample.
Hydrophilic patterning experiments were performed by UV irradiation
though photomasks using a Lambda Physik COMPex 205 KrF excimer laser
that produces 20—30 ns pulses at 248 nm wavelength. Water contact angles
were measured by imaging techniques utilizing a KSV Instruments CAM

200 contact angle measurement system.

3.3 Characterization

Crystallinity and phase composition of the as-deposited and annealed
films were studied by x-ray diffraction (XRD) using a Philips MPD 1880
diffractometer and Cu Ka radiation. Elemental compositions were
measured using a Philips PW 1480 WDS X-ray fluorescence (XRF)
spectrometer and helium atmosphere, and the data was analyzed with
Uniquant 4.34 program utilizing DJ Kappa model. Surface morphology was
studied by atomic force microscopy (AFM) imaging with a Ntegra PNL AFM
instrument (NT-MDT Co.). Surface imaging was also performed with the
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Scanning Electron Microscopy (SEM) technique using LEO DSM 982
Gemini scanning electron microscope and 2 kV acceleration voltage. The
elemental compositions of ZnO and WO; thin films were studied with time-
of-flight elastic recoil detection analysis (TOF-ERDA) technique using11.915
MeV 8Bré+ and 8.515 MeV 35Cl ions and 21° + 20° = 41° geometry for ZnO
and WO, films, respectively. The thin film reflectance and transmittance
spectra were recorded with a Hitachi U-2000 spectrophotometer in the
190-1100 nm wavelength range, and the reflectance spectra were used to
evaluate the film thicknesses by the modeling method described by
Ylilammi and Ranta-Aho.”” In the conductivity measurements of the TiO.
nanotube networks, the calcinated TiO. nanotubes were ground with
ethanol as a solvent to form a slurry, which was then dropcast on fluorine
tin oxide (FTO) glass substrates forming layers between 5-50 um in
thickness. The solvent was evaporated at 60 °C and the cast was
subsequently calcined at 450 °C. The conductivity of the cast TiO, nanotube
films was measured by a four-point probe setup and the samples were
modeled as parallel RC circuits with Matlab and Simulink to obtain the
resistance and capacitance values. Least-squares fitting of the data was
performed by visually comparing the fit and the experimental data.
Humidity experiments were performed in a chamber where air or argon
was bubbled through deionized water. Humidity and temperature were
recorded with a Vaisala HMT333 logging transmitter. Measurements were
performed in the ambient temperature of 22—24 °C and the humidity was
allowed to stabilize 15 minutes prior to the measurements. Furthermore,
the samples were kept in dark before and during the measurements to
exclude the possibility of photoinduced wetting.



4. SURFACE FUNCTIONALIZATION BY
ZINC OXIDE

Most of the experiments conducted within this thesis are related to the use
of zinc oxide. This binary oxide has a direct band gap of 3.3 eV and its
advantageous properties include thermal and electrical stability, optical
transparency, piezoelectricity, etc.® Doped ZnO has been used as a
transparent conducting oxide (TCO) in solar panels and flat panel
displays.9-22 Further applications are found in gas sensors and surface
tailoring with self-cleaning, non-fogging and switchable wettability
characteristics."™-1V:23-27 In some cases the preferred orientation of ZnO
films plays a role in the applications.2829 The deposition temperature range
of ZnO is relatively low as is typical for depositions from metal alkyl
precursors. Low deposition temperature is an advantage when depositing

on temperature-sensitive organic or biological substrates.

4.1 The low temperature ALD of ZnO

The ALD of ZnO from diethylzinc and water has been introduced in the
literature several times on various substrates and at relatively low
temperatures but not extending to room temperature. The ALD window
region has been slightly different depending on the source as presented in
Table 1.

Table 1. ALD window regions of DEZ + H.O process presented in the literature.

ALD window region (° C) Literature reference
room temperature [3°]

105-165 3]

100-180 [32]

130-180 [33:34]

70—200 [35]

206—268 [3¢]

10




ALD at low temperatures typically leads to partially or completely
amorphous films, depending on the film material, and in some cases, on the
substrate. Not only the degree of crystallinity but also the orientation of the
crystal planes may be temperature dependent. The amorphous state is
preferred in barrier applications where grain boundaries of a crystallized
material would serve as paths for gas diffusion which is to be avoided. In
turn, the crystalline state or a specific orientation may be desirable in TCO
and related applications.

The ALD of ZnO from diethylzinc and water yields slightly crystalline
films of the hexagonal wurzite structure at as low as room temperature. The
degree of crystallinity increases with increasing deposition temperature.
Furthermore, the deposition temperature has an effect on the preferential
orientation: at temperatures of up to 70 °C the films are oriented along the
¢ axis, whereas films deposited at higher temperatures have a competing
orientation also along the a axis, as presented in Figure 4. The experiments
presented here do not extend beyond the 140 °C deposition temperature,
but it has been reported that the orientation along the c axis is again

increased beyond 150—200 °C deposition temperatures. 32-34

(100) (002)
[ A N\ bulk ZnO
_— ___/\-__ o
2 —_— 140 °C
s } — — 120 °C
g - 100 °C
5 —— —— 90 °C
2| — 7\ wx
S N 70°C
£ e N 60°C
=t 50 °C
. 40 °C
1 1 1 1 1 23 oc
30.5 31.5 32,5 335 34.5 35.5 36.5
20 angle (°)

Figure 4. The development of crystallinity and preferred orientation in atomic layer
deposited ZnO thin films with respect to deposition temperature.fV

As an interesting feature, the change in the preferential orientation is
accompanied by a step-like increase in the deposition rate depicted in
Figure 5. The behavior is likely to be explained by the differences in the

bulk densities along the a- and c-axes of the ZnO wurtzite structure.
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Figure 5. The step-like increase in the deposition rate of ZnO at 70—-80 °C.IV

Crystallinity could be further improved by post-deposition annealing at
400-600 °C under oxygen or nitrogen atmospheres while keeping the
originally formed preferential orientation intact. However, annealing is
usually not feasible when applying ZnO films on sensitive biological
substrates and furthermore, crystalline films were not specifically desired in
applications presented here.

One might expect that pushing the ALD method to its limits in terms of
temperature compromises film stoichiometry, homogeneity and purity, but
here it was found that the low-temperature ZnO films were close to
stoichiometric and hydrogen, nitrogen and carbon impurities measured
with TOF-ERDA were generally low. In the temperature interval of 60—120
°C, the H and C impurities were in the range of 0.4—4.5 and 0.15-0.35 at-%
respectively, and the levels of N were below 0.2 at-% throughout the range.
Only in samples deposited at 40 °C the levels of H and C impurities were
significantly higher, 11 and 1.1 at-% respectively.

4.2 Area-selective ALD of ZnO

Area-selectivity in ALD is typically achieved by patterning of polymer
films or by the use of self-assembled monolayers (SAMs) using lithographic
techniques. In these approaches means of chemistry are being utilized to
leave patterned areas of the substrate surface uncovered. The use of only
chemical means however has its limitations in terms of controlling the
dimensions of the pattern deposited. As film thickness is increased the

chemistry of the pattern is unable to efficiently define the boundaries of the
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film: after a certain film thickness the film will laterally expand beyond the
boundaries of the original pattern.s”

Patterning with precisely controlled dimensions can be much more
efficiently performed if the physical features of a patterned surface are
combined with its chemical characteristics. Physical features may serve as
effective barriers and prevent uncontrolled lateral expansion of the
patterned film. Here the combination of physical and chemical means for
patterning is demonstrated by using a natural template: the wing of the
cicada (Pomponia Intermedia) insect. The cicada wing surface consists of
hexagonally arranged conical nanopillars about 250 nm in height and 100
and 60 nm in diameter at the base and at the top respectively. The bulk of
the wing consists mostly of crystalline chitin in a protein matrix, and the
pillared wing surface is covered with a waxy layer.3839

In the experiments performed with ZnO the film was deposited in the
interstitial space between the cicada wing pillars, but not on the pillars
themselves. When using an atomic layer deposited Al.O; seed layer,
however, conformal coating on the pillars was obtained, as depicted in the
SEM images in Figure 6. The difference in adsorption affinity to the pillar
surfaces between ZnO and Al.O; may have a correlation to their
crystallinity (ZnO is partly crystalline while Al.O; is amorphous). The area-
selectively deposited ZnO film could be peeled off from the wing substrate
resulting in a free-standing nanoperforated film. ZnO layers as thick as 100
nm could be deposited in an area-selective manner while keeping the
intercavity ZnO bridges of the film very narrow, approximately 25 nm
matching the dimensions of the wing template. The concept of combining
physical and chemical means to obtain area-selective ALD proved to be
functional by using cicada wings as natural templates that were suitable for
these experiments. The concept can now be extended to purposely-made
templates in order to obtain desired patterning of ALD films at a very small

scale.
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Figure 6. An area-selective deposition of ZnO on a cicada wing nanostructure (left) and the
same structure conformally coated by applying an Al.O3 seed layer prior to ZnO deposition
(right).

4.3 Tunable wettability effect of ZnO films deposited on
nanoscale structures

Parts of plant and insect bodies have properties developed over millions of
years of evolution. One notable property is the water wettability of these
natural surfaces, where either highly hydrophilic or hydrophobic function is
desirable. Surfaces having a water contact angle of over 150° are known as
superhydrophobic, whereas those with contact angles lower than 5° are
called superhydrophilic. The wings of the cicada insect used as templates in
the experiments of this work are superhydrophobic due to their surface
nanostructure and roughness. The hydrophobicity of the nanostructure is
further enhanced with a water-repellent waxy layer. Thus the hydrophobic
property of the cicada wing is a combination of physical and chemical
factors.

The wettability of a surface can be made switchable by applying a material
that changes its wettability behavior by an external stimulus, such as light,
heat or electric field.4° Binary semiconducting oxides ZnO, TiO., WO, V.05
and SnO., for example, change their wettability from hydrophobic to
hydrophilic under exposure to ultraviolet (UV) light.#* Under storage in
dark the materials return to their original hydrophobic state. The UV-
induced reversible hydrophobicity is explained by photogenerated electron-
hole pairs on the surface. The adsorption of the hydroxyl groups of water on
the photogenerated defect sites is preferred over atmospheric oxygen
absorption, which leads to hydrophilic behavior. In dark the defects are
recovered, the hydroxyl groups are replaced with oxygen and the surface
returns to its hydrophobic state.42

Here the feasibility of combining the natively superhydrophobic surface
with a tunable hydrophobic/hydrophilic ZnO layer was studied.!! Twenty
cycles of Al,O; from TMA and water was first applied as a seed layer to
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obtain uniform ZnO coverage. ZnO films deposited by applying 10, 20, 30,
50 and 100 cycles were used to observe the wettability effect. Samples with
10 cycles of ZnO did not show any wettability change when exposed to UV
light, and the maximum effect was observed with 50 and 100 cycles, 20 and
30 cycles being intermediate. Contact angle values with respect to the
number of ZnO deposition cycles are presented in Figure 7. The maximum
initial water contact angle was 160° on a noncoated wing and 132° on a
wing coated with 100 cycles of ZnO. The difference can be explained by a
minor change in the topography of the wing surface with a ZnO film on it,
lowering the contact angle. The contact angle of the 100-cycle film
decreased to 14° in a 10-min-long exposure to UV light and it recovered to
100° within one hour in dark. In XRF measurements an incubation period
of approximately 20—-50 ZnO deposition cycles was observed, where the
deposition is slower than during subsequent cycles. During this period the
growth is likely island-like43 and the tunable wettability phenomenon is
thus not fully effective.

180
160
140
120

100
80 F \ —e— as-deposited

\ —e-- UV-irradiated

60 I \ --A-- stored in dark

40 \

20 F e s
0 L

Contact angle [deq]

Number of ZnO deposition cycles

Figure 7. The effect of film thickness and UV exposure on the water contact angle of a ZnO
film.1X

4.4 Hydrophilic patterning of ZnO films

The UV tunable behavior of ZnO may be utilized in microfluidic and lab-
on-a-chip devices by making hydrophilic patterns on a hydrophobic surface
and thus make fluid channels without using capillaries or other physical
barriers for controlling fluid flows.44-47 In this work UV excimer laser and
photomasks were used to create hydrophilic passages on a hydrophobic 100
nm thick ZnO film on quartz glass.”™ An irradiation time of 5 and 10 min
decreased the contact angle from around 100° to 30° and <20°
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respectively. The use of centrifugal and capillary forces was applied to
encourage fluid flow, as illustrated in Figure 8. A capillary arrangement was
constructed from two glass slides with a laser-irradiated hydrophilic line on
them, separated by a 200 um spacer. A 12 mm column of water could be
observed in the capillary gap. A centrifugal arrangement in turn was set up
by placing hydrophilically patterned glass slides on a rotating tray. With
properly adjusting the speed of rotation water droplets placed on patterned
areas of the glass could be moved along the hydrophilic pattern while
keeping droplets placed on unpatterned areas stationary. It is noteworthy
that the UV laser induced patterns are removable either spontaneously or
under vacuum conditions: an 18 hour storage in vacuum completely
removes the patterns and returns the contact angle completely to 99°, while
an equally long storage in ambient conditions leads to a relatively high
contact angle of 80°.

Figure 8. Transport of a water droplet along a patterned hydrophilic path aided by
centrifugal force (left upper and lower) and by capillary force (right).1t
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5. SURFACE FUNCTIONALIZATION BY
TITANIUM DIOXIDE

Titanium dioxide TiO. is an abundant material which is found in three
common naturally occurring forms: Tetragonal rutile and anatase, and
orthorhombic brookite. The trivial name titania typically refers to rutile
which is the only thermodynamically stable phase. TiO. is chemically inert
and insoluble, it has an extraordinarily high refractive index between 2.6—
2.9 and it is an efficient UV absorbent. Thus it is widely used as a bright
white pigment in paints and coatings, paper and sunscreens. Due to its
nontoxicity it may even be added in foodstuffs and pharmaceuticals.

TiO. is not particularly known as an ALD coating to be deposited at low
temperatures, contrary to the more common examples for low-temperature
depositions of Al,O; and ZnO from metal alkyl precursors and water. The
ALD growth of TiO. has been demonstrated at as low as room temperature
by applying special techniques,*® but typically deposition has been carried
out at 100—150 °C at lowest, which is low enough to allow deposition on
many temperature-sensitive surfaces.49-5¢ However, several features of the
TiO. film are affected by deposition temperature, including crystallinity and
phase composition, chlorine content, deposition rate, and uniformity. Low-
temperature depositions typically lead to amorphous TiO, films. The
etching effect from the HCl byproduct from the surface reaction should be
taken into account since it may be damaging for the TiO. thin film and also
for the underlying substrate.

In this work, the usability of atomic layer deposited TiO. - together with
AlO; and ZnO - thin films for sensitive substrates was demonstrated by
depositing them at 150 °C on nanofibrillated cellulose (NFC) aerogel
template, also known as microfibrillated cellulose (MFC) or briefly
nanocellulose.V The removal of the nanocellulose template by calcination at
450 °C led alternatively to hollow, tubular inorganic aerogel structures
instead of organic-inorganic hybrid structures. In the as-deposited state
some roughness of ZnO films was observed while TiO. and Al.O; films were

smooth. This is consistent with the expected crystallinity of the films: ZnO
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ALD films are crystalline even at deposition temperatures well below 100
°C while TiO. and Al,O5 remain amorphous at the deposition temperature
of 150 °C.

5.1 Humidity sensing with TiO,

A bulk amount of nanotubes can be used as an additive to enhance various
material characteristics. So far this has been done to a larger extent using
carbon nanotubes (CNTs) for different purposes, typically for materials of
construction and for polymers. Alternatively, nanotubes can be used as
such to find and utilize their new functionalities. Here the humidity sensing
capabilities of a film prepared from ground TiO., nanotube slurry were
demonstrated. After removing the nanocellulose substrate by burning at
450 °C, the hollow TiO. nanotubes were ground with ethanol as a solvent to
form a slurry, which was then dropcast on fluorine tin oxide (FTO) glass
substrates forming layers between 5-50 pum in thickness, followed by
drying and calcination. Conductivities of the cast films were measured with
the method described in chapter 3.3. Both the resistance and capacitance of
the cast TiO- film responded to changes in relative humidity in the range of
40-80 %, and the change observed was reversible and reproducible, as
presented in Figure 9. It was suggested that the resistance response simply
originates from water adsorbing on the large surface area of the nanotubes,
thus increasing the conductivity of the system. The response time observed
was 2 s, which is 1—2 orders of magnitude faster than response times for
TiO. nanotube sensors reported elsewhere,5 and as such competitive with

the performance of commercial humidity sensors.
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Figure 9. TiO- dropcast film as a humidity sensor. The resistivity response to humidity (left):
Filled symbols present the start of the measurement, open squares/rhombs and open circles
present measurenments under argon and air respectively. The speed and repeatability of
voltage response (right).V
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6. ALD PROCESS OF TUNGSTEN
TRIOXIDE

Thin films of tungsten trioxide WO; and its oxygen-deficient forms WO,
possess useful properties in applications such as electrochromics0-59,
catalytic®>-%7 and gas sensing devices®8-7°. Probably the best-known
applications are found in electrochromic devices, one example being the
automatically dimming rearview mirrors in automotive use. In recent years
increasing interest has arisen in new energy technologies where the
generation of hydrogen through photocatalytic decomposition of water is
studied, a WO film acting as a catalyst in the process.®°

Enhanced performance is commonly achieved for WO, in its applications
by doping, by combining it with other metal oxides, and by using tailored
geometries or nanostructures. Several well-known CVD and physical vapor
deposition (PVD) processes exist for fabricating tungsten oxide thin films.”*

Not many ALD processes for tungsten oxides have been published before.
Atomic layer deposited WOj; films have previously been deposited from
WFs and in-situ generated hexavalent tungsten oxyfluoride’2, and from a
(tBuN).(Me,N),W amide precursor.®® W,0; films with trivalent tungsten
have been deposited from the air-sensitive W.(NMe,)s precursor and H,O
by ALD.7s In the present thesis the atomic layer deposition of WO; thin
films on Si(100) substrates is presented. W(CO); as the tungsten source and
O; as the secondary reactant and as the oxygen source to decompose
W(CO)s yielding WO, thin films is presented for the first time. The use of
carbonyl precursors in ALD has been reported only a few times.74-7 Among
these, only one process is utilizing a homoleptic carbonyl precursor in
thermal ALD — the MoO; process from Mo(CO)s andO5/H.O mixture.”” One
MLD process utilizing V(CO)s and tetracyanoethylene has also been
published recently.”8
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6.1 Resulis

Preliminary WO; deposition experiments were carried out in the
temperature range of 150 — 400 °C and visually acceptable and uniform
growth was achieved at 160—225 °C. At temperatures lower than this the
growth rate was extremely slow whereas at higher temperatures the films
appeared non-uniform and dark, indicating thermal decomposition of the
carbonyl precursor. In addition to the deposition temperature, the process
was also sensitive to the precursor evaporation temperature. Too low or
high evaporation temperatures were found to result in growth rate
variations and uneven growth. Due to the design of the F-120 ALD reactor,
temperature control of solid precursors at low temperatures is demanding
to keep consistent. The W(CO)s precursor boat was situated inside the
reactor at as cool location as possible at the very end of a precursor tube,
essentially at room temperature. Some heat is radiated to this location from
the heated sections of the reactor, however.

W(CO)s pulse lengths of 1—5 s were studied. Within this time frame the
W(CO)s pulse length had some effect on the growth rate, thus in spite of
good overall control over the deposition there was a minor CVD component
involved. While all pulse lengths gave relatively uniform deposition, 3 s was
the shortest time to yield uniform films throughout the entire deposition
area. Thus 3-s-long W(CO)s pulses were used together with 2-s-long Os
pulses and 5-s-long N. purges. The growth rate was almost linear in the
temperature range of 160—225 °C but a narrow ALD temperature window
was found between 195-205 °C with a growth rate of 0.23 nm/cycle as
illustrated in Figure 10. The WO; deposition from oxyfluorides, in turn, has
a lower growth rate of 0.08 nm/cycle at a single temperature of 200 °C
studied.”

The closely-resembling MoOs process also has a lower growth rate of 0.07
nm/cycle in an ALD window between 157—172 °C when ozone alone or
combined with water is used as an oxygen source. Using water only gives

even lower deposition rates for MoO,.77
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Figure 10. WO; deposition rate as a function of temperature. Growth rate variation within
sample area is illustrated by vertical bars.V!

As-deposited WO, films were smooth as observed by AFM. A granular
texture started to develop in thermal annealing, higher annealing
temperatures giving more granular or more crystalline surface appearance.
Annealing at the highest temperature of 1000 °C developed microcracks
and a visually dull, foggy appearance on the films. Annealing atmosphere
had an influence on the granularity, samples annealed under oxygen being
more granular than those annealed under nitrogen. Not only granularity
but also crystallinity improved under annealings, which was clearly seen as
increasing peak intensities in XRD data. The correlation between
crystallinity and surface morphology may be observed below in XRD
patterns and AFM images in Figure 11 and Figure 12, respectively. The
morphology is considerably different from MoO; films by Diskus et al.”7
especially with respect to uniformity: WO, films give full surface coverage
whereas MoOjs tends to deposit in an island-like manner.
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Figure 11. XRD patterns of WOj; films as-deposited at 200 °C and annealed at 600—1000 °C
under N (solid lines) and O- (dashed lines) atmospheres. The indices are for triclinic WO3
phase. V!

Figure 12. AFM images of as-deposited and annealed WOj film surfaces: (a) As-deposited,
and annealed at (b) 600, (¢) 800 and (d) 1000 °C in N> and in O- (e, f, g) atmospheres,
respectively.V!

The RMS roughness values increased upon annealings and varied
between 4.7-16.4 nm in a 2 x 2 um area. WO, films were stoichiometric
and had negligible carbon and nitrogen impurities, generally below 0.1 at-
%.

6.2 Discussion

The ALD window found in the present work for the W(CO)s / O3 ALD
process was relatively narrow, between 195—205 °C which is expected for
processes utilizing precursors with weak precursor-surface interactions.

Another indication of the low reactivity is the sensitivity of the process (in
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terms of deposition rate and uniformity) to other factors than the
deposition temperature, such as precursor evaporation temperature, and
also to some extent, precursor pulse length. It should be noted however that
the alternative WO, deposition approach utilizing oxyfluoride
intermediates also suffers from sensitivity to variations in process
conditions related to the generation of the oxyfluoride species, and that the
presence of fluorine leaves about 2 at-% of fluorine impurity in the films.72
The straightforward utilization and precursor chemistry together with a
relatively high deposition rate and low impurity levels makes the utilization
of W(CO)s competitive compared to the use of in situ generated
oxyfluorides demonstrated earlier. It also adds a new member to the

selection of so far very few carbonyl precursors used in ALD.
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7. CONCLUSIONS

In this work three ALD materials — ZnO, TiO. and WO; — were studied.
ZnO was studied the most thoroughly from the viewpoint of its applicability
to low temperature depositions and various surface tailoring applications.
ZnO is especially suitable when crystalline films are to be deposited at low
temperatures, since its common competitor Al.O; gives completely
amorphous ALD films and needs an annealing temperature of over 9oo °C
to crystallize, making impossible to obtain crystalline Al.O; on sensitive
substrates. ZnO is shown to give conformal films on large aspect ratio
biological structures in the nanoscale i.e. on cicada wing surfaces, for
example. Interestingly it was found that the chemistry on a cicada wing
together with the topography is influencing the deposition leading to area-
selective ALD growth, and a ZnO film with a perforated pattern is obtained.
Conformality is only obtained by using an Al.O; seed layer prior to ZnO
deposition. The UV switchable wettability property of ZnO was utilized to
demonstrate that the wettability of a natively superhydrophobic cicada
wing can be reversibly altered to hydrophilic under UV light by applying a
thin ZnO film on the wing nanostructure. Control of fluid flow by using UV-
laser-irradiated hydrophilic patterns on a planar hydrophobic ZnO film
surface was also demonstrated.

TiO- as well as ZnO may be deposited at low temperatures by ALD, thus
allowing them to be applied on temperature sensitive surfaces. A dropcast
layer of inorganic nanotubes prepared by ALD of TiO. on a nanocellulose
network could be used as a humidity sensor comparable in performance to
those of commercial origin in the relative humidity range of 40—80 %. The
resistivity and capacitance changes of the TiO. film are explained by water
adsorption on the large surface area of the dropcast nanotube layer,
increasing its conductivity.

For WO; a new ALD process from W(CO)s and O; was introduced with an
ALD window between 195—-205 °C. This straightforward thermal ALD
process utilizing relatively nontoxic and stable precursors provides a facile

way to deposit good quality WO, films with minimal impurities.
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