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Abstract

The first application of siloxane-based chemistry for tailoring the surface chemistry
of highly porous, nanostructured thin films fabricated using glancing angle deposition
(GLAD) is described. Here, utilizing solution and vapour-phase surface functionalisation
methodologies, a chemical dimension is introduced to the tunability of various GLAD
nanostructures fabricated with different materials. In particular, efforts were made to
convert the originally hydrophilic film surfaces to hydrophobic and superhydrophobic
states.  The effectiveness of the two surface functionalisation methodologies is
demonstrated and compared in this thesis. The functionalised nano-constructed GLAD
films demonstrated a high degree of tunability over both structural and surface properties.
Specific applications of the functionalised nanostructures are also discussed briefly, along
with suggestions for future experiments and potential applications. Without doubt,
functionalised GLAD films are well suited for many applications, and the chemical
tunability of these films has better the opportunities for further exploration with the GLAD

technique.
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Introduction

1.1 History of and recent developments on thin films

For the past century, the versatility and utility of thin films have been exploited in every
possible field and industry, ranging from potato chip package coatings and decorations to
various biological, optical, electrical, chemical, mechanical, and thermal applications. A
thin film is simply a coating deposited on the surface of a material in order to change
the properties of the original material. This coating may be composed of many type
of materials including metals, alloys, organics, polymers, molecular compounds or any
combination thereof. However, there is no straightforward definition that differentiates a
“thin” film a “thick” film. The “thinness” in thin films can be defined by either the type
of film properties utilized in an application (i.e., surface properties vs. bulk properties)
or how the film is fabricated (i.e., depositing individual atoms or molecules vs. particles).
Regardless of the definition, thin films have been in existence ever since Egyptian craftsmen
beat gold beads into sheets less than 1 gm thick to coat ornamental items with a thin film of
gold thousands of years ago. Hence, in the early era of thin films, the sole application
of thin films has been in decorative ornaments and jewels. The modern development

of thin film technology was considered to be first initiated by Faraday in the mid 19
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Sec. 1.2 Motivation 2

century when he exploded thin metal wires in an inert atmosphere [1]. Soon after,
Nahrwold in 1887 [2], and subsequently, Kundt in 1888 [3] facilitated the first evaporation
of thin films by implementing a vacuum atmosphere to measure the refractive indices of
metal films. Subsequently, the technological applications of thin films have continuously
increased, especially in the optics and microelectronic industries. From this point on,
vacuum technologies along with the various techniques used to fabricate thin films such
as physical vapor deposition (PVD) [4-6] and chemical vapour deposition (CVD) [7, §]
have been extensively studied by many researchers. The effectiveness of these thin films
in the microelectronics and optics industries resulted in significant improvements in thin
film processing methodologies leading to thoroughly developed thin film processes known
as microtechnolgy. The term “microtechnology” was developed in the latter half of the
century to refer to thin film fabrication and processing techniques that created devices at
the micrometer size scale. To satisfy consumers’ demand for smaller, better, and cheaper
devices in the microelectronics industry, researchers and companies worked together to
advance the fabrication and processing techniques from the micro-scale to the nano-
scale at an exponential pace. Consequently, microtechnology became what is the most
feverish studied topic today, nanotechnology. The modern application and development of
nanotechology can be seen in a wide variety of products and research projects including
genetic engineering [9, 10], disease detection [11, 12], biosensors [13—-15], molecular
transistors [16-18], organic light-emitting diodes (OLED) [19-21], photonic crystals

[22,23] and volatile organic compound sensors [24].

1.2 Motivation

Many of today’s applications of thin films arise from the ability to exploit the bulk
and surface properties of a wide range of thin film materials for material modification
purposes. Traditionally, thin films were deposited with the substrate orientated normal to
the incoming source flux, and the film properties were dependent on the choice of material,
physical film thickness, and the deposition conditions. However, the traditional substrate
orientation provides limited control over these variables and nearly no control of the film

structure and density. In contrast, by depositing at highly oblique angles measured from
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Sec. 1.2 Motivation 3

the substrate normal, porous thin films can be fabricated with accurately controlled micro-
and nano-structure. This additional degree of control provides another powerful means of
tailoring the film’s properties for future device applications as well as improving current
devices.

Glancing angle deposition (GLAD) is an advanced thin film deposition technique
implemented to produce a variety of nanostructures at highly oblique deposition angles.
Most of the critical components of the GLAD technique had been documented well before
the actual implementation of GLAD. For example, Holland [25] reported extreme oblique
angle deposition before 1953 and substrate rotation was investigated by Young and Kowal
m 1959 [26]. In 1989, Motohiro and Taga discussed alternating azimuthal deposition
angles [27], and other anisotropy effects have been reported by various research groups
[28-30]. In 1995, Robbie and Brett combined all of these features into a well-controlled,
single system classified as glancing angle deposition that could accurately engineer porous
nanostructures [31]. The extreme oblique angle of incidence (>80°), and the structural and
porosity control that GLAD provides set it apart from all other oblique angle deposition
methods. Since then, the GLAD technique has provided a foundation for a great amount of
other work.

Currently, many research groups are simultaneously investigating aspects of the GLAD
technique. Amnold er al. have investigated the optical behavior and effects of chiral thin
films deposited at oblique angles [32]. Very recently, photonic filter properties of these
films have been examined by Hodgkinson ez al. [33]. Lakhtakia has proposed various
theoretical photonic crystal modes [34], and spectra hole functions for optical fluid sensor
applications [35] of GLAD-like thin films as well. Fan et al., from University of Georgia,
have recently investigated wettability of GLAD films as a function of film thickness
[36, 37]. In addition, recent developments of the GLAD technique [38] and combinations
of GLAD and other thin film processes such as direct write lithography [39, 40] have
further improved the control GLAD provides and allow devices to be fabricated for a
wide range of applications including three-dimensional photonic crystals [41], band-pass
rugate filters [42] and sensors [43,44]. Though GLAD films are well-suited for many

applications, two of the most promising applications for these porous, high surface area
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Sec. 1.3 Scope and Organisation of this Thesis 4

films are chemical sensing and optical devices. To realize optical and sensing devices
with optimal performance, the ability to control the interaction of the film material with its
surrounding environment is essential.

Chemical sensors require high selectivity to discriminate between different substances
in their surroundings, while at the same time, they also need to have high sensitivity
towards the substance to be detected. In contrast, many optical devices must be inert to
environmental changes since these changes can cause shifting of the device response. For
example, a optical bandpass filter must be resistant to humidity changes in the atmosphere
because the position of the pass band may be dependent on relative humidity. Thus, to
control the device interactions with the environment, it is necessary to develop methods for
tuning the hydrophobicity or hydrophilicity of thin films. In general, there are two main
properties that influence hydrophobicity or hydrophilicity of a material: 1) the surface
structures or roughness, and 2) the surface chemistry. It has been demonstrated by other
researchers [36] that hydrophobicity of the GLAD films has a dependence on aspect ratio
(i.e., the height to width ratio of a structure) and thus, some control over its interactions with
solvents could be achieved by varying surface roughness and film thickness. However,
this structural approach to controlling the wettability of the film surface is limited as it
provides no control over the chemical response of the film. This thesis examines chemical
functionalisation methods as a means to tailor the surface chemistry of these unique GLAD
films and demonstrates the ability to add yet another dimension of control, i.e., chemical

tunability, to GLAD.

1.3 Scope and Organisation of this Thesis

As all of the work reported here is based on thin film technology and glancing angle
deposition, I first give an overview of thin film technology and the history and development
of GLAD in the remainder of Chapter 1. 1 then proceed to a description of the general
concepts of oblique angle deposition, in particular the GLAD technique practiced in this
research, and examples of applications of GLAD films.

Chapter 2 provides background information on organic thin films used in tuning the

surface chemistry or surface properties of materials. Different types of organic thin films
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Sec. 1.4 Deposition Techniques of Thin Films §

and the principles behind the formation of these films are introduced along with examples
of applications for the various types of organic thin films. In particular, general concepts,
recent developments, and applications of the self-assembly (SA) technique are discussed
in more detail. Finally, the utility of organic thin films in controlling the wettability of a
material is provided.

The basic experimental design for tailoring the surface chemistry of various GLAD
films is detailed in Chapter 3. Specific information on the material and parameters used to
fabricate the GLAD films for the present studies are reported. Also included in this chapter
are details on processing of as-deposited GLAD films using oxygen plasma reactive ion
etch (RIE) and surface functionalisation techniques. Results on characterisation of GLAD
films treated by RIE for various lengths of time are reported, as well as the procedures for
solvent-based and vapour-phase surface functionalisation.

Characterisation results of pre- and post-functionalisation SiO, GLAD films are
discussed in Chapter 4. In this chapter, the attachment of organic moieties to the surface
of the GLAD film and its effects on the surface chemistry of the film are investigated. The
ability of chemical reagents to penetrate the porous GLAD structure and successfully tailor
the surface chemistry of the structures is demonstrated.

In Chapter 5, effects of solvents on the GLAD film structures are examined.
Subsequently, vapour-phase functionalisation is implemented in an attempt to eliminate the
use of solvents and their potentially detrimental effects on the nanostructures. The utility of
solution and vapour-phase functionalisation methods to tune the surface chemistry of metal
oxide GLAD films are evaluated and compared.

Finally, application of surface-treated GLAD film to a humidity sensor and an optical
filter is demonstrated in Chapter 6. This chapter also includes the summary, conclusions,
potential applications of surface-treated GLAD, and recommendations on future research

to further develop and apply the chemical tunability of various types of GLAD films.

1.4 Deposition Techniques of Thin Films

As mentioned before, there are numerous methods for fabricating thin films, and the choice

of method depends heavily on the type of material and its properties. Thin films can be
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Sec. 1.5 Growth Mechanics of Evaporated Thin Film at Normal Incidence 6

created by methods such as dip-coating, where the substrate is simply immersed into a bath
containing the desired coating and then extracting it from the same bath. This method tends
to produced films with questionable uniformity; however, if uniformity is of importance, a
spin-coating method can be used. As the name implies, the desired coating is spun onto a
substrate at a pre-defined speed. In this case, the user has some control over the thickness
of the film and the uniformity via the spinning speed. There are also many other deposition
methods such as sputtering and CVD that have been employed as common practice in
industries. Most of these methods provide the user with more control over the thickness,
structure and uniformity of the film. A detailed description of each deposition technique is
outside the scope of this thesis since the majority of thin films in this work were fabricated

using electron beam evaporation. This process is described in detail in the next section.

1.5 Growth Mechanics of Evaporated Thin Film at
Normal Incidence

Electron beam physical vapour deposition (EB-PVD) is a directional deposition technique
performed in an evaporator. Electrons generated through thermionic emission from a
heated tungsten cathode. These electrons are accelerated by a high voltage, typically
ranging from 6 to 20 keV, and passed through a hole in the anode. A magnetic field
from permanent magnets is used to direct and focus the electron beam onto a water cooled
crucible containing a pocket filled with evaporant material. Electromagnetic coils can
deflect the electron beam allowing it to be scanned over the whole evaporant surface [5,45].

At the crucible, energy from the electron beam is transferred to the crucible contents,
heating them while increasing the vapour pressure of the evaporant. When the vapour
pressures of the evaporant increases to a point at which appreciable kinetic energy is gained
by the atoms, they escape into the vapour phase, ultimately forming a gaseous flux. To
minimise collisions between ambient gas molecules and the evaporated atoms, EB-PVD
is performed in a high vacuum environment such that the mean free path of the particles
is sufficiently large. This implies the majority of evaporated flux from the crucible will
follow a straight-line trajectory such that any objects in the direct line of sight between

the crucible and the interior of the vacuum chamber are bombarded [46]. The amount
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Sec. 1.5 Growth Mechanics of Evaporated Thin Film at Normal Incidence 7

of mass deposited on a surface has a cosine dependence on geometry, with maximum
deposition occurring directly above the source. Consequently, the substrate, whose surface
is to be coated, is positioned in the direct line of sight from the crucible and oriented
normal to the evaporation source such that maximum deposition is encouraged. A crystal
thickness monitor (CTM) is placed at close proximity to the substrate and its surface is
orientated such that it is in the direct line of sight of the vapour flux (as illustrated in
Figure 1.1) to produce a reasonable, reliable estimate of the film thickness at the substrate.
The CTM consist of a quartz crystal which oscillates at a frequency with approximate
linear dependence on the mass, and hence the thickenss, of the film deposited onto its
surface [47]. By measuring the difference between the reference resonant frequency and
the oscillation frequency after the deposition of the mass, the mass and thickness of the
film on the crystal can be calculated and related to the deposition rate at the substrate. A
simplified traditional, normal incidence thin film deposition system is illustrated in Fig. 1.1

showing all the important elements inside the system .

Substrate

Evaporating Particles \IY

9

Crucible Containing
Evaporant

Figure 1.1: Traditional electron beam evaporation system. Evaporated atoms are ejected
from the heated evaporant inside the crucible and follow a line-of-sight trajectory until they
strike the crystal thickness monitor (CTM) or the substrate surface at normal incidence.

Generally, atoms striking the substrate surface can behave in three ways: 1) adhere
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Sec. 1.5 Growth Mechanics of Evaporated Thin Film at Normal Incidence 8

permanently to the substrate, 2) adhere to the substrate for a short time and then re-
evaporate into the vacuum chamber, or 3) reflect immediately from the substrate. In the
most important case, particles physisorbed on the substrate surface tend to diffuse a short
distance before settling in a local minimum energy site [48]. The diffusion distance of
the adsorbed atoms, refer to as adatoms, is determined by the melting temperature (or
the vapour pressure) of the evaporant, the substrate temperature, and the energy of the
impinging particles. Gaseous particles produced from substances with higher melting
points will have a shorter average migration distance before permanently sticking to the
substrate than lower melting point materials. Note that this diffusion distance is important

to the GLAD concept and quality of the GLAD films.

& @
&
e ¥ e
® ® s .
e Continuous
® g e Film
Y
4 @
@
&
e ® e
e ° %
Nuclegifon Coalescence

Figure 1.2: Stages of formation for a normal incidence thin film. At the early stage of
growth, atoms minimize their surface energy by clustering to form nuclei. The nuclei then
coalesce into larger particles. These particles encounter each other and form large islands
leaving only holes and channels until a continuous film is created.

During the random diffusion process, adatoms tend collide with each other and form
clusters known as nuclei. Small nuclei may not be stable and are usually prone to re-
evaporation until a critical, stable size is reached. However, because two particles colliding
or in contact with each other will have lower potential energy than two separate atoms,
the formation of nuclei will reduce the overall potential energy of the adatoms and the
growing film. As a result, adatoms impinging on the substrate surface thereafter will tend
to adhere to the existing nuclei rather than forming new nuclei. The critical size refers
to the minimum size below which, the nuclei are unstable and will re-evaporate into the

vacuum chamber. Once the critical size is reached, the nuclei continue to expand outwards
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Sec. 1.5 Growth Mechanics of Evaporated Thin Film at Normal Incidence 9

from their centres, and eventually grow sufficiently large for them to encounter each other
and coalesce into one large island. Nucleation will continue to proceed on freshly exposed
areas as large islands expand, leaving only channels or holes of uncovered area. Ultimately,
the islands will agglomerate and expand to a sufficient degree to form a continuous film.

The four stages of thin film growth are illustrated in Fig. 1.2.

LZ0NE 2
ke

SUBSTRATE
TEMPERATURE (T/Tm!

Figure 1.3: Structure zone model for evaporant materials developed by Movchan and
Dimchishin. T refers to the substrate temperature and T,, is the melting temperature of
the evaporant. Zone 1 classifies film structures with dome shaped tops separated by void
boundaries as a result of atomic shadowing. Films in zone 2 have a smooth appearance with
columnar grains separated by intercrystalline boundaries. Zone 3 defines film structures
that are crystalline with properties similar to annealed films and yields activation energy
corresponding to bulk diffusion of the material. This image is obtained from [49].

There are three growth mechanisms which determine thin film growth as well as
structure: surface diffusion, bulk diffusion, and atomic shadowing. The first two are
uniquely thermal processes reliant on substrate temperature as well as the melting point
of the material as mentioned above. Structure zone models (SZM) that classify the film
structure and crystallinity according to substrate temperature and deposition pressure have
been proposed for both evaporated [49] and sputtered [50] thin films. A more developed,
revised SZM has also been proposed, which provides more insight on thin film morphology
and growth under a wide range of deposition conditions [51, 52]. According to the
SZMs, higher temperatures lead to greater bulk and surface diffusion and result in a more
crystalline film with fewer defects. Atomic shadowing, the other main growth mechanism,

arises from the three-dimensional nature of the growing nuclei and is dependent on
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the deposition geometry. This last process is essential to the fabrication of porous
nanostructured GLAD films, which will be described in the following sections. For thin
films deposited at normal incidence, atomic shadowing is minimal and surface diffusion is
the predominant effect, resulting in a continuous film with a structure described by zone 1,

2 or 3 of the structural zone model (Fig. 1.3) depending on the substrate temperature.

1.6 Glancing Angle Deposition

1.6.1 Oblique angle deposition

For oblique angle deposition, the initial nucleation stage of thin film growth proceeds as
described previously. However, as the nuclei grow, they begin to cast a shadow behind
themselves as a result of their three-dimensionality. These shadows form restricted areas
that are not accessible to atoms arriving at an oblique angle. Hence, impinging atoms can
only be deposited directly in areas such as the tops and near sides of the nuclei. The atomic
shadowing effect is accentuated as the nuclei grow (Fig. 1.4). In addition, the more oblique
the deposition angle, the greater the shadow area, and the more restricted the accessible
area becomes for the impinging flux. In this situation, there are two offsetting effects in
play for molding the thin film microstructures; the self-shadowing of the nucleus prevents
incident flux from reaching certain regions while surface diffusion encourages it. If the
arrival angle of the incidence flux is sufficiently oblique, and the substrate temperature
is relatively low, the surface mobility of adatoms become too low to facilitate filling of
the voids or uncovered areas. Thus, the atomic shadowing effect dominates over surface

diffusion and porosity is created in the thin film as areas become permanently inaccessible.

1.6.2 Growth Mechanics of GLAD

Glancing angle deposition exploits the growth mechanism of thin films under oblique angle
incidence to create porous columnar nanostructures. The deposition angle or the angle
of incidence for the vapour flux is measured from substrate normal, and is denoted .
Glancing angle deposition is achieved when the film is deposited at « greater than 80°.

Under these deposition conditions, adatom migration on the substrate surface is limited
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) incident Flux

Figure 1.4: Atomic shadowing effect is a result of the three-dimensionality of the nucleus
as seen by the vapour flux arriving at an oblique angle at the substrate surface.

and the atomic self-shadowing effect becomes the dominant growth mechanism. The atoms
striking the surface of the substrate are then confined to encounter the existing nuclei from
only one side, i.e., the side facing the vapour source. Furthermore, when small nuclei
are completely engulfed by the shadow of larger structures, these nuclei do not accumulate
additional material and their growth is terminated. This concept is referred to as preferential
growth where large structures can continue to expand and grow while smaller ones are
extinguished. Hence, the structures grow without having all the areas on the substrate
covered and a porous columnar film with an inclination towards the vapour flux is produced
(Fig. 1.5). The column inclination angle 3 and porosity of the film are dependent on the flux
incidence angle . For o lower than 60°, changes in column angle arising from a change

in the deposition angle can be predicted using the empirically derived tangent rule [53]:

1
tan 3 = 3 tan « (1.1)

However, at flux incidence angles greater than 80°, which is the case for most GLAD

films, this effect is more accurately described by the geometrically derived Tait’s rule [54]:

B = a — arcsin| % (1 —cos a)] (1.2)

In general, the results from these rules show that 3 is always less than «, and greater

flux incidence angles lead to greater column inclination and porosity. The film structure
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described in Fig.1.5 is the most basic GLAD structure since the fabrication of all other

types of nanostructures use the same principles, but involves substrate rotation.

oblique
vapour flux
Ly
b~ “//
/I Qa -
Shadowed AN Extinguished

region

Columns

Figure 1.5: When vapour flux arrives at an extreme oblique angle, the smaller columns
engulfed inside the shadow of larger columns are extinguished as a result of preferential
growth and column competition. The remaining columns grow towards the direction of
vapour flux, with an column inclination angle 3. This angle is always smaller than the
deposition angle «.

1.6.3 GLAD Apparatus and Substrate Motion

To create various types of microstructures, GLAD exploits two main properties of thin
film growth. One is the deposition angle « which provides a degree of control over the
inclination of columns and the amount of shadowing, which in turn leads to control over
the porosity of the thin film. The second is the fact that the inclination of columnar
microstructure growth always tends towards the source flux. Thus, by changing the
apparent direction of the vapour flux with respect to the substrate through substrate
motion, the direction of growth is altered and various microstructures can be fabricated.
A schematic of the GLAD apparatus is given in Fig. 1.6. To achieve fine control over the
microstructures, directionality of the source flux is required. The substrate is positioned
at the greatest feasible distance from the source to achieve the narrowest possible angular
distribution of the vapour flux and therefore, directionality. In a common GLAD system,
the chuck, which substrates sit on, is positioned 41.5 cm away from the source crucible.
Motions of the chuck and thus the substrate are controlled by two stepper motors. One

motor controls substrate rotation about the axis parallel to substrate surface, i.e., it adjusts

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sec. 1.6 Glancing Angle Deposition 13

¢- Rotation
(- Rotation

Substrate
Normal

PVD
Source

Figure 1.6: A schematic of the glancing angle deposition apparatus.

porosity of the film via a. The second motor controls substrate rotation about the axis
normal to substrate surface (¢) to adjust the apparent azimuthal direction from which the
vapour flux arrives at the substrate. During deposition, the substrate positions in both «
and ¢ may be varied continuously according to a set of pre-programmed instructions. Both
the speed and length of substrate rotations are determined by user-defined parameters such
as thickness and type of microstructure, as well as deposition rates. A great deal of control

over the GLAD film morphology throughout the deposition process is thus achieved.
1.64 GLAD Microstructures
Slanted post microstructures

One of most basic microstructures produced by GLAD is the slanted post microstructure.
No substrate motion is necessary for this type of microstructure. The & motor is maintained

at a position based on the desired, but fixed column angle and porosity, while position of
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the ¢ motor is arbitrary. Both stepper motors remain stationary in their position throughout
the deposition. A schematic illustrating the activity of the substrate and source flux is given
in Fig.1.7, as well as an SEM image of a representative GLAD-grown slanted post film.

This is a silica film deposited at & = 85° and has a thickness of 500 nm.

(a) No Rotation (b)
in¢

| Fixed a
Vapour Flux \T f

Figure 1.7: (a) Slanted post structures were deposited by maintaining a fix deposition angle
« throughout the deposition process. (b) SEM micrograph of slanted post silica structures
resulting from the process described in (a).

Helical microstructures

For helical structured columnar film, the substrate is rotated continuously about ¢. As the
substrate rotates gradually, the apparent azimuthal position of the source changes and the
columnar structures slowly wind outward from the substrate in a source-tracking manner.
The pitch of the helices is determined by the revolution rate of the substrate; the slower
the revolution, the greater the pitch. However, a constant revolution rate is not necessarily
employed for the production of a constant pitched helical film. A constant rotation can lead
to deviations in the helical pitch if there are fluctuations in the deposition rate. To achieve
a constant pitch, the revolution rate of the substrate must vary with the deposition rate. In
other words, the stepper motor will only move a step forward when a specific thickness
has been accumulated on the CTM. This allows the user to specify the helical pitch and
fabricate more uniform helical films. A representative SEM image of a helical film and

a schematic depicting substrate rotations used to produced a helical film is provided in
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Fig.1.8.
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Figure 1.8: (a) Helical structures were deposited by maintaining a fix deposition angle
« and slow substrate rotations about ¢ throughout the deposition process. (b)is a SEM
micrograph of helical structured alumina film resulting from the process described in (a).

Vertical post structure

Vertical post structures are evolved from the helical microstructure. When the substrate is
rotated rapidly about ¢, the pitch of the helices decreases until, at sufficiently high rotation
rates, it becomes indiscernible and the helices degenerate into vertical posts. For most
common evaporants, this effects occurs at helical pitches lower than 40 nm. « is held
constant throughout the deposition. A SiO, vertical post film deposited at 85° is presented

in Fig. 1.9 along with a schematic of the substrate motions during deposition.

1.6.5 Summary of GLAD

The simple GLAD structures mentioned above illustrate the significant effect of substrate
rotation on thin film structural control at the nanometer scale. Many other complex
structures such as graded-index films [42,55] and self-sealed microchambers {56] can be
fabricated by simply steering the direction of columnar growth by varying « and ¢ during
deposition. Though these complex structures were not used in this thesis, they are the
basis for the realization of many applications. For example, a graded-index GLAD film

can be applied as antireflection coating [55], and fine square spiral structures created by
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Figure 1.9: (a) Vertical post structures were deposited by maintaining a fix deposition angle
« while rotating the substrate rapidly about ¢ throughout the deposition process. (b) SEM
micrograph of vertical post silica film resulting from the process described in (a).

GLAD are well suited for the fabrication of three-dimensional photonic crystals [39]. In
addition, the porosity and high surface area of these films makes them ideal for sensing
and catalytic applications. However, to date, no attempt to tailor or exploit the surface
chemistry of these GLAD films has been reported. Hence, the primary intent of this thesis
is to add chemical tunability to the degrees of control in the GLAD technique by tailoring
the surface properties of GLAD films with surface functionalisation methods and organic

thin films.
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Surface Functionalisation with Organic
Thin Films

Today, surface properties of many products such as clothes, windows, and kitchenware
have been modified through some form of chemical treatment to produce the final product
that is sold in stores. Surface modification has always been essential to mankind because
it allows us to combine useful bulk properties (e.g., optical, electrical, erc.) of materials
with the appropriate or desired surface properties (e.g., wettability, adhesiveness, corrosion
resistance, low wear) to develop materials with properties better suited for specific
applications. For example, the stability and physical integrity of the metal/semiconductor-
organic interfacial cohesion and contact is of vital importance to the performance of an
organic light-emitting diode (OLED), and it can be greatly improved by modifying the
surface energies of the two contacting materials with an adhesive self-assembled organic
layer [57]. Many applications and devices today are reliant on chemical modification
techniques to achieve control over surface properties of a wide spectrum of materials.
These surface treatment techniques are primarily based on the growth of organic thin
films on surface of materials. This chapter provides an overview of the common types

of organic thin films and the various methods utilised in the preparation of these films, and

17
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in particular, the methods used to prepare self-assembled monolayers.

2.1 Background

Early studies of organic thin films [58, 59] were centred around macroscopic properties
such as wettability and friction due to of the lack of appropriate characterisation tools.
With the introduction of microscope-based analytical tools, the field of surface modification
was revolutionised. Since then, the great potential of organic thin films for applications
in wetting control [60], optical devices [57, 61, 62], sensors [63—66], and various other
applications have been discovered and exploited. With the wide range of organic materials
and correspondingly wide variety of molecular properties, it is not surprising to find many
different types of organic thin films and methods of preparation. One class of organic thin
film materials that has become very popular in recent years is polymers, which are generally
prepared by spin-coating. However, the study of polymeric thin film is outside of the scope
of this thesis since they are not used in any of the work presented here. The focus of this
this chapter is on the group of crystalline organic thin films, and the different preparation
methods for these films. The following sections will discuss the principal concepts behind
some of the most common types of organic thin films and the techniques for preparing such

films.

2.2 Different Types and Preparation of Organic Films

2.2.1 Langmuir film

In the 19" century, Langmuir speculated that oleic acid (C,7H33COOH) forms a monolayer
of amphiphilic molecules on water surface by observing various experiments of oils
spreading on water [67]. Combined with the previous works of others such as Pockels [68]
and Hardy [69], he postulated that the carboxyl group (-COOH) of oleic acid has a marked
affinity for water whereas hydrocarbons (—CHj3) are insoluble in water and have a greater
affinity for each other than water. Hence, a group of oleic acid molecules on water
will organize themselves such that the carboxyl groups form hydrogen bonds with water

molecules, while the hydrocarbon tails are packed above the carboxyl layer (i.e., sticking
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out and away from water molecules). These films were later named after Langmuir. Today,
Langmuir films refers to any type of amphiphilic molecules (i.e., molecules with both a
polar, water soluble group and a non-polar, water-insoluble hydrocarbon chain) spreading

on a hydrophobic or hydrophilic liquid substrate at the gas-liquid interface (Fig.2.1).

UL

Figure 2.1: Schematic of the formation of a Langmuir film. A monolayer of amphiphilic
molecules are formed on top of the water surface at the liquid-gas interface. The ovals
represents the hydrophilic polar heads while the rods represent the hydrophobic non-polar
tail

2.2.2 Langmuir-Blodgett films

Blodgett first created Langmuir-Blodgett (LB) films by transferring a monolayer of calcium
stearate on the water surface to a glass substrate. This was accomplished by first placing
a small amount of stearic acid (CH3(CH,);¢COOH) dissolved in benzene onto a water
surface containing dissolved calcium salts. The calcium ions then reacts with the stearic
acid to form a monolayer of calcium stearate ((CH3(CH3),6C0OQ),Ca) film, where the —
(COO),Ca head groups are in contact with water and the ~CHj tails are oriented away from
the surface of water. Next, the film is compressed mechanically using a barrier such as a
drop of oil until the molecules of the film are densely packed and orientated perpendicular
to the water surface. Finally, this monolayer is transferred to a glass substrate by dipping
the substrate into the film and slowly raising it out of water (Fig. 2.2). As the glass slide is
raised out of water, the water must recede from the glass wherever the film attaches itself
the sohid substrate. Thus, the water shedding behaviour is important in the preparation of
LB films, and if the solid substrate was extracted slowly (5 to 10 cm/min.), the substrate
should emerge completely dry. Additional layers of the film can be added one at a time by
successive repetitions of this procedure [58,70].

Organic films created by this method are not necessarily chemically bonded to the

substrate and hence are not robust and may crack easily. Generally LB films can be
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Figure 2.2: Schematic drawing of the formation of a Langmuir-Blodgett film. A Langmuir
film can be transferred from the surface of water to a solid substrate by raising the substrate
slowly out of the liquid.

removed by rinsing the substrate with aqueous or non-aqueous solvents. It is important
to note that the spreading of the film onto the solid substrate depends on the affinity of the
molecules’ head group towards the substrate (i.e., the head group of the molecule must have
a stronger affinity for the solid substrate than the liquid). This concept implies that only
selected compounds that form LB films on water can be transferred to a solid substrate
intact. Furthermore, it is difficult to produce a highly crystalline and robust monolayer

using this method because of the lack of thermal and structural stability.

2.2.3 Organic Molecular Beam Epitaxy

Organic molecular beam epitaxy (OMBE), sometimes referred to as organic molecular
beam deposition (OMBD), fabricates ultrathin organic films by vapour-deposition of atoms
or molecules in a ultrahigh vacuum environment. The evaporation technique used in this
type of system is very similar to the inorganic MBE systems. The uniqueness in this
vapour-deposition is it can deposit organic molecules onto reactive and inert substrates.
Reactive substrates are generally metals or semiconductors that interact with the deposited
organic layer chemically. Inert substrates, as the name implies, do not react with the organic
molecules [71,72]. Graphite and insulators such as silicon dioxide are commonly used as
inert substrates. The advantage of vapour-deposition using an OMBE system is the ability
to precisely control composition, thickness, structural order and growth temperatures of

the organic thin film, as well as providing an extremely clean environment. However, such

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sec. 2.2 Different Types and Preparation of Organic Films 21

systems are highly expensive and there still remains the question of the need for ultrahigh
purity in organic thin films since the attraction of most organic thin films stems from the

general ease and low cost of fabrication and processing for device applications.

2.24 Self-Assembly

Another class of organic thin films is self-assembled monolayers (SAM). The term “self-
assembly” in the chemical sense refers to the arrangement of atoms or molecules into an
ordered, energetically stable structure without outside intervention [73]. Self-assembly can
also involve the aggregation of functional entities towards a stable form. A self-assembled
monolayer is an organization of molecules at the liquid-solid or gas-solid interface induced
by strong chemisorption (i.e., strong covalent bonding) between the molecule’s head
group and the substrate. Hence, films prepared by self-assembly are highly crystalline,
structurally robust and thermally stable despite that the general concept of self-assembly is
very similar to the concepts applied in LB films. Hence, the main differences between a LB
film and a self-assembled monolayer are the crystallinity, robustness, and thermal stability
of the films [58,60]. A SAM molecule generally consist of three constituents: head group,

chain or backbone, and the tail group (Fig.2.3).

Tail group

Chain

Head group

Substrate

Figure 2.3: Schematic drawing of the SAM molecule constituents. The shaded circle
represents the head group that is chemisorbed onto the substrate. The end group is indicated
by the open circle and it can be a variety of chemical functional groups.

Recently, applications and the characteristics of SAMs have been extensively studied by
researchers in a wide spectrum of fields. The reason SAMs have become so attractive is
the SAM head groups can preferentially bind to defined areas of the substrate and the tail

groups can be substituted to further tune the surface chemistry of the film for any specific
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application. This also means that specific functional groups can be selectively modified
while leaving the rest of the molecules unchanged. For example, the surface of alkylsilane
(Cl3Si—R, where R can be any alkyl group) monolayer can be switched from hydrophobic
to hydrophilic by simply changing the tail group from a hydrocarbon (e.g.,~CHj) to
hydroxyl (-OH). These special characteristics of SAM molecules have been exploited in
many applications such as microcontact printing [74-76] and nanolithography [77, 78].
Generally, SAM systems are defined by the chemisorbing head group and the substrate, and
these systems can be prepared through either solution or vapour-phase surface treatment
methods. One of the most commonly studied SAM systems is the attachment of thiols
(-SH) on gold surfaces. Due to the inertness of the gold substrate and the well-defined
order of the thiol molecules, the n-alkanethiol on gold system has become the model
system for SAMs formed on all other substrates. Siloxane-based SAM systems and their
surface chemistry also have been well-established for controlling the surface properites of
various substrates (e.g., glass, indium tin oxide coated glass). The versatility, durability
and applications of SAM systems are well illustrated by works using these molecular
films in the ordering of metal nanoparticles [79], improving the performance of organic
optoelectronic devices [57,61, 80, 81] and enhancing the adhesiveness of chemical vapor
deposited (CVD) copper layers [82]. The low costs and ease of preparation of SAMs make
them the ideal method for surface functionalisation.

Prior to SAM fabrication, the substrates used for deposition need to be properly cleaned.
Crystalline metal substrates are the most commonly used substrates for SAM deposition.
The classical method for cleaning these metal surfaces is ion sputtering and annealing.
However, a piranha solution (1:3 volume % mixture of concentrated H,SO, and HyO,) [83]
is usually used for the cleaning of silicon substrates. Silicon substrates are the most
common substrates used for silane-based SAMs because silicon has a native oxide layer
that can be utilised for bonding with the silicon head group of a silane-based molecule.

Generally, the choice of substrates depend solely on the molecules to be deposited.
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Solution deposition of SAM

The principle of solution deposition of SAMs is straightforward. A clean substrate is
dipped or immersed into the corresponding organic solution and allowed to react for a
certain amount of time (Fig. 2.4). During the process, a monolayer of molecules will
assemble onto the substrates without intervention [83]. Following the assembly of the
monolayer, the substrate must be rinsed thoroughly according to an appropriate procedure
to ensure the byproducts of the reaction are completely removed. Finally, the films may be
annealed in air to further dissociate any byproducts, particles, or organic moieties that are
not bonded to the substrate surface. Repetition of this solution deposition procedure results
in multilayered films, depending on the organic molecule employed [57]. The quality of
the SAM depends heavily on the cleanliness of the solution. For example, water content
is detrimental to the preparation of SAMs for silane-based systems because many silane
molecules will react with water molecules, and hence are water sensitive. In such case,
the solution must be properly outgassed and the reaction must be executed under a dry

atmosphere (e.g., nitrogen, argon).

Figure 2.4: Schematic drawing of the solution deposited monolayer. A monolayer of
molecules self-assembled onto the substrate when the substrate is fully immersed into the
solution.

Vapour-phase deposition of SAM

The less popular method for the preparation of SAMs is vapour-phase deposition and this
can be done using a few different techniques. Traditionally, gas phase deposition of SAMs

occurs in a ultrahigh vacuum (UHV) chamber of a surface science tool (e.g., the chamber
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of a scanning tunneling microscopy (STM) instrument) [84-86], similar to OMBE. Inside
such a chamber, only one additional port is needed to attach a valve and a dosing line,
through which the molecules can be released in the manner of a controlled molecular flux
(Fig. 2.5) [87]. Most surface science tool chambers allow the substrate to be cleaned via
ion sputtering and annealing prior to deposition. Hence, the substrates are kept extremely
clean throughout the deposition process and ultrahigh purity films can be produced using
this method. Yet, this method of vapour-phase deposition of SAMSs is more expensive as
compared to solution deposition; consequently, it has only been employed when in-situ
characterisation of SAMs during deposition was desired. The advantage of UHV systems
are the extremely clean deposition environment and the ability to precisely control the layer

thickness.

Figure 2.5: A schematic drawing of vapour-phase deposition of SAM in an ultrahigh
vacuum (UHV) chamber.

Vapour-deposition of SAMs can also be done in a chemical vapour deposition (CVD)
system [88]. In a simple CVD chamber, the substrate is placed on a heated holder with the
molecules or reactant inlet positioned above the substrate. A controlled flow of vapour
phase molecules enter the reaction chamber through the inlet and assembles onto the
substrate surface to form an organic layer. The substrate is usually heated to ensure
activation of the chemical reaction between the substrate and the molecular flux at the
substrate surface. Then the byproducts of the reaction are pumped out by an exhaust outlet
placed underneath the substrate (Fig. 2.6).

A more common gas deposition technique for SAMs utilises a reactor vessel similar to
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Figure 2.6: Schematic drawing of a simple chemical vapour deposition system (CVD) used
in the fabrication of SAMs.

a vacuum desiccator (Fig. 2.7). This technique is very similar to CVD, but less expensive
and much easier to prepare. Here, the clean substrates are simply placed inside the vacuum
desiccator with a open glass vial containing few drops of the organic solution. The organic
molecules will naturally evaporate with time and self-assemble onto the substrate surface
(83, 89]. Both vacuum and heat may be applied to the desiccator or reaction chamber to
increase the reaction and vaporisation rate. It is worth noting that some molecules cannot
be used in this type of vapour-phase deposition because the byproducts may re-attach to or

react with the substrate due to the lack of exhaust pump for waste products in this system.

2.3 Applications of Organic Thin Films to GLAD

The various types of organic thin film types mentioned above can be used to control
the interactions of materials with their environmental surroundings, which is of extreme
importance in many applications such as chemical sensors and optical devices. For
example, humidity sensors require high sensitivity towards water vapour in the atmosphere
while still being very selective to minimize false positive responses. One important factor
that can be readily controlled through geometry and tailored surface chemistry via organic
thin films is wettability. The wettability of a fluid on a substrate 1s dependent on the

similarity of surface energies of that fluid and the substrate. The more alike the surface

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sec. 2.3 Applications of Organic Thin Films to GLAD 26

Figure 2.7: Schematic drawing of vapour-phase deposition of SAM inside a desiccator.
Molecules vapourised from the small glass vial will self-assembled onto the substrate.

energies are, the more adhesive the desire fluid will be to the surface of the substrate.
However, since many chemical properties (e.g., polarity) are measured with respect to
water, it is not surprising that in most cases, wettability also refers to the substrate’s affinity
for water. Hence, the wettability of most materials can be defined as either hydrophilic
or hydrophobic. A surface is considered hydrophobic if it is insoluble in water and will
not adsorb water. In contrast, a hydrophilic surface has a strong affinity for water and
is soluble in water. Generally, there are two ways to increase surface hydrophobicity:
(1) increasing substrate surface area of hydrophobic materials and (2) modifying rough
surfaces to lower the surface energy. Recently, there has been much interest in the creation
of superhydrophobic materials arising from the “self-cleaning” ability of these materials, as
well as the wide range of possible applications including automobile windshield coatings,
paint and interior fabric coatings. Nanostructures such as aligned carbon nanotubes [90,91],
ZnO nanorods [92], and dendritic gold nanoclusters [93] all exhibit superhydrophobicity
and may be classified into category 1. Other groups have demonstrated the realization
of superhydrophobic surfaces via the second approach, and examples of these include
lowering the surface energy of Cu and conductive ZnO film through chemical treatment
and self-assembly [91]. Unfortunately, high surface area nanostructures of tailored surface
chemistry either lack order in the underlying nanostructures (e.g., porous silica) [94] or

have been prepared by inconvenient and costly methods such as plasma deposition [95].
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Glancing-angle deposition provides porous, high surface area, nanostructured thin films
that can be sculpted into a variety of structural motifs. These properties of GLAD
films make them well suited for applications such as chemical sensing and catalysis,
antireflection coatings, and photonic crystals. In the following chapters, the first application
of chemical functionalization to tailor the surface energy of complex, porous GLAD films

and its applications in chemical sensing and optical devices will be described.
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Experimental Design and Methods

This chapter describes the experimental procedures and methods used in the deposition
and surface functionalisation of glancing angle deposition thin films. In particular, the
fabrication and chemical treatment of the three specific types of GLAD structures (slanted
posts, vertical posts and helices) are given in detail. Various alkyltrichlorosilane and
methoxysilane reagents are used to functionalise the GLAD films to achieve varying
degrees of hydrophilicity or hydrophobicity. It is still an open question whether the surface
functionalisation techniques described here can be called self-assembly because the degree
of order in the organic layers formed on the surface of the GLAD structures has not been
investigated. Furthermore, the thickness of the organic layer has not been measured, and
thus cannot be definitively described as a self-assembled monolayer. However, similar
principles and methods utilised in the preparation of SAMs were employed here in the

surface functionalisation of GLAD films.

3.1 Glancing Angle Deposition

The GLAD films employed in this thesis have been deposited on a variety of substrates

including Si{100}, borofloat glass, indium tin oxide-coated borofioat glass (ITO), and

28
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quartz. Many substrates were chosen for the ease of characterisation and functionalisation.
For example, silicon wafers were used in every deposition since they are straightforward
to cleave into appropriate sizes for scanning electron microscopy (SEM) imaging. Quartz
substrates are ideal for IR spectroscopy analysis because of the high cutoff wavelength
for the transmission spectra. Various other substrates were chosen for much of the same
reasoning.

Prior to glancing angle deposition, the silicon wafers, supplied by Evergreen
Semiconductor Materials, were cleaned by immersing them in piranha solution (1:3 vol.
% mixture of concentrated H,O5:H3SO4) for approximately 30 minutes. The substrates
were subsequently rinsed with de-ionized water and dried under nitrogen atmosphere. ITO
coated glass, blank borofloat glass, and quartz substrates supplied by Precision Glass &
Optics were used as received. Any small particles and dust on the substrates were blown
off using a stream of nitrogen gas before thin film deposition.

Three basic GLAD structures, slanted posts, vertical posts and helices, were fabricated
using the glancing angle deposition system. Evaporant source material (SiO5, TiO,, and
Al5O3) were obtained as 99% purity 3-6 mm pieces and used as received from CERAC Inc.
The various types of GLAD structures were fabricated with evaporant material mentioned
above using two different electron-beam evaporation systems. One of the systems was a
Kurt J. Lesker AXXIS (Fig. 3.1) and the other was a system supplied by CHA Industries
(Fig. 3.2). For the Kurt J. Lesker AXXIS, a software program, accompanying the
evaporation system, is used to control the substrate position and motions, as well as the
pump down procedure. On the other hand, a LabVIEW software program was developed
by fellow group members [96-98] for the CHA Industries system to control the substrate
position and motions.

In both cases, a crystal oscillator thickness monitor (CTM) continuously feeds the
current deposition rate and film thickness into a computer system. The computer system in
turn sends instructions to the stepper motors, and thus controlling the polar and azimuthal
position of the substrate. However, the motor control in the AXXIS system is slightly more
precise than the CHA system since the user can manually define both speed and position

of the motor through the software program. Also, the emitter in the AXXIS system can
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Figure 3.1: Images of the Kurt J. Lesker AXXIS evaporation system: a) exterior of the
vacuum chamber, and b) the interior of the vacuum chamber containing the CTM and
substrates on the chuck.

Figure 3.2: Images of the CHA Industries evaporation system: a) exterior of the vacuum
chamber along with electronic control panel and b) the interior of the vacuum chamber
containing the CTM and the chuck.

focus the electron beam much better than the old CHA system, as well as having more
accurate control over the position of the scanning electron beam. By combining the more
focused electron-beam with the more precise position and motor control, the uniformity and
the fineness of the structures are greatly improved. However, both systems have an extra
inlet where a stream of oxygen gas can be added to the chamber to prevent the depletion of
oxygen gas during deposition of an oxide film. The geometric source to substrate separation

length is 40 cm in both systems. There is a slight difference in the location of the CTM
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between the two systems, which implies the geometric factor that relates the deposition
rate and film thickness at the CTM to the actual deposition rate and film thickness at the
substrate is different from system to system. For the project at hand, the structure of the
film and the uniformity is not of essential importance, and will not affect processing of
the films and/or results from the surface functionalisation of GLAD films. However, for
consistency, only films grown in the same system were compared with each other.

In general, the base pressure and deposition pressure varies with the evaporant material
and is dependent on the ability of the pumps in the system to achieve low pressure. Tables
3.1 and 3.2 details the base pressure and operating chamber pressure used in the deposition
of three different metal oxides on the CHA and AXXIS systems, respectively. TiOs, SiO,,
and Al;Osz GLAD films of slanted, vertical and helical columnar structure were fabricated
by electron-beam evaporation using a modified literature procedure [99, 100]. Typical
electron-beam acceleration voltage values ranged from 8.0 to 9.0 kV with approximate
current values of 40 mA, 200 mA, and 150 mA for SiO,, TiO,, and Al,O3, respectively.
The electron-beam was then programmed to sweep in a figure-8 pattern over the material
throughout the deposition. 6 MHz alloy crystal supplied by Phelps Electronics, Inc. were
used in the crystal thickness monitor (CTM) to track in-situ film thickness and deposition
rate. Each metal oxide was placed in an 8.2 cm® carbon crucible supplied by POCO
Graphite and deposited onto a variety of substrates including: Si wafer, ITO-coated glass,
and borofloat glass at o = 85°. To obtain a 2.0 um slanted post film, the substrate was
maintained at o = 85° with no rotation about the axis normal to the substrate (¢). Uniform
helical structures formed when the substrate was held at « = 85° while rotating at 0.21 rpm
about the ¢ axis with the CTM deposition rate was maintained at 14 A/s. The vertical post
morphology was fabricated by holding the substrate constant at & = 85°, and rotating the
substrate at a much faster rate of ~17 rpm about the ¢ axis while maintaining the CTM

deposition rate at 18 A/s.

3.2 Reactive Ion Etching

Prior to surface functionalisation, all film samples were treated with a short oxygen plasma

reactive ion etch (RIE). Oxygen plasma RIE is a well known technique for saturating oxide
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Material | Base Pressure (Torr) Deposition Pressure (Torr)
SiO, <5%x107° <8x107%
TiO, <8x10°7 <5%107°

Al,O4 <4x1077 <2x107°

Table 3.1: The pressure used for the deposition of GLAD films varying with the type of
material and the ability of the system.

Material | Base Pressure (Totr) Deposition Pressure (Torr)
Si0, <6x10~7 <2x107°
TiO, <2x1077 <5x107°

Al Os <2x1077 <3x107°

Table 3.2: The pressure used for the deposition of GLAD films varying with the type of
material and the ability of the system.

surfaces with reactive, hydrophilic hydroxyl (-OH) groups. [61] When the substrate surface
is bombarded with oxygen ions, it becomes saturated with O, sites. Upon exposure to air,
hydroxyl groups are formed on the substrate surface through chemisorption of water vapour
in the atmosphere. This process is essential for surface functionalisation with siloxane-
based chemistry because silane functionalities have high reactivity towards hydroxylated
surfaces. Thus, saturating the surface with hydroxyl moieties maximises the reactivity
between the metal oxide GLAD pillars and the alkyltrichlorosilane reagents.

It is important to note that since the oxygen plasma RIE process is generally used for
etching of materials, the GLAD pillars will be etched away if the RIE process were applied
for too long. Hence, a balance between saturating the surface with hydroxyl moieties and
not affecting the GLAD structures during the RIE exposure is essential. The effect of
different lengths of RIE exposure time was examined to find the time that would produce
the best balance between hydroxyl saturation and etching of the GLAD films.

RIE treatment of the GLAD films was performed on a Plasmalab RIE 80. Fourier
Transform Infrared spectrometry (FTIR) was used to identify the amount of the -OH and
moieties on the surface of GLAD pillars before and after RIE treatment. FTIR is a quick
and relatively inexpensive spectroscopic technique that is useful for identifying chemical
functional groups within a molecule (e.g., -OH groups, double bonds, single bonds, —
CH groups, etc.) [101]. In IR spectroscopy, the infrared radiation induces vibrations in a

molecule. Each type of vibration can be in turn associated with the motions of a functional
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Bond Wavenumber (cm™!) | Wavelength (nm)
C-H 3000 - 2850 3333 -3510
=C-H 3100 - 3000 3226 - 3333
=C-H 3300 3030

O=C-H | 2800 and 2700 3570 and 3700
O-H 3600 - 3000 2778 - 3333
N-H 3450 - 3100 2900 - 3226

Table 3.3: The position of vibration bands for functional groups with single bonds to
hydrogen is described in this table.

group in that molecule. It is these motions or vibrations of the molecule that are measured
in IR spectroscopy, and the different functional groups are identified by the position and/or
pattern of absorption/transmission/reflection bands or peaks. Generally, interpretation of
IR spectra data is done by referring to charts and tables of infrared data. There are many
tables available for reference, and the data that is relevant to this project is given in Table
3.3 [102].

The series of FTIR studies were performed on a Nicolet Magna 750 FTIR instrument
with a broadband infrared source supplied by Ever-Glo (TM). FTIR spectra were obtained
using 32 scans with a mercury cadmium telluride (MCT-B) detector and a resolution of
4 wavenumbers. Data acquisition was performed using the supplied proprietary Nicolet
Omnic software. Happ-Genzel apodization, Mertz phase correction, and manual base-line
correction were performed on the collected data. In the data collection process, the IR
beam first passes through a reference substrate, which is a blank substrate made of the same
material as the substrate the actual sample is on, and the instrument records the intensity of
the transmission across a range of wavenumbers. Subsequently, the reference substrate is
replaced with the actual sample and the resulting graph compares the difference in intensity
between the transmission plots produced by the actual sample and the reference substrate.
For easy interpretation, the wavenumbers have been converted to wavelength for all FTIR

spectra presented in this thesis using equation 3.1.

1

Wavelength (\) = g

[em)] (3.1

Note that the units for wavenumber is in cm ! ; hence, the units for calculated wavelength
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Figure 3.3: Infrared spectra of SiO; GLAD film with a) no RIE treatment, b) 30 s, ¢) 60 s,
d) 90, e) 120 s and f) 150 s of O, plasma RIE exposure.

The IR spectra of a helical structured GLAD films with RIE exposure time ranging from

30 to 150 seconds is given in Fig. 3.3. For this study, multiple samples of the same film on

quartz substrates were used. A blank quartz substrate is used as the reference substrate, and

its transmission spectrum is subtracted from spectra of the film samples. To analyze the IR

spectra, the author referred to the IR data table given above (Table 3.3) to identify the type

of functional groups on the surface of the film. Since the purpose of the short RIE exposure

is to saturate the film surface with hydroxyl groups, the presence and intensity of the O-
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H stretch in the IR spectra of the film determines the effectiveness of RIE treatment for
increasing the density of —OH groups on the film surface. From the IR spectrum of GLAD
films with a RIE exposure of 0-120 s (Fig. 3.3a - e), a large decrease in % transmittance is
noted at the wavelength of ~2800 nm, which corresponds to the position of free hydroxy!
groups. Furthermore, the intensity of the dip in the spectrum varies with the length of time
of RIE exposure. This suggests that RIE treatment effectively changes the density of ~-OH
groups on the film surface and confirms the fact that hydroxyl groups are in fact present on
the film surface. According to the FTIR spectra, the intensity of the O-H stretch appears to
be the greatest at 90 s of RIE exposure time (Fig. 3.3d), and decreases as the exposure time
increased past 90 s. In fact, at 150 s of RIE exposure time, the O-H stretch is not present
at all, which suggests that the oxygen plasma has started to etch the oxygen moieties in
the SiO, film. Hence, by exposing the GLAD films to 90 s of RIE treatment, a maximum
density of surface hydroxyl groups is achieved without deteriorating the structure or etching
the surface of the film. Micrographs of the film before and after the various times of RIE
treatment, taken using a scanning electron microscopy (SEM) instrument, confirmed that
there was no deterioration in the structure of the film arising from the RIE exposure for the

times tested.

3.3 Surface Functionalisation

Two methods of surface functionalisation, solution and vapour-phase, were used to
tailor the surface properties of various materials. The concept behind both methods of
functionalisation is similar to the self-assembly technique which utilises the reactivity
of the hydroxyl groups with chlorosilyl functionalities to covalently bond organosilane
molecules onto the surface of GLAD pillars. In brief, the Si head group of
alkyltrichlorosilane or methoxysilane molecules have a preferential affinity for hydroxyl
groups, and thus will attach themselves to the ~OH groups once they come into contact
with the hydroxylated film surface. The order of these self-assembled molecules and
the thickness of this organic layer have not been investigated since both order of the
molecules and thickness of the organic film would not affect the results of this research

project. However, because the thickness and the order of the organic molecules was
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not examined, the organic film cannot conclusively be referred to as a self-assembled
monolayer. Nevertheless, the two functionalisation methods untilises the general concepts
of self-assembly described in Chapter 2 to tailor the surface chemistry of metal oxide

GLAD films.

3.3.1 Solution-based functionalisation of GLAD films

Figure 3.4: An image of substrates undergoing siloxane-based solution reaction in a glass
reaction vessel.

Substrates were placed in an inert teflon holder inside a dry, clean glass reaction
vessel (Fig. 3.4), which was connected to the Schlenk line. Subsequently, the vessel
was flushed with nitrogen gas and then purged by applying a vacuum according to
strict Schlenk protocol. This flushing/purging process was repeated 3x or until there
was no more air inside the glass vessel. Using a canula, a stream of dry, de-
oxygenated 20 mM toluene (supplied by Fisher Scientific) organosilane solution (vinyl-
trichlorosilane, octadecyl-trichlorosilane, 3,3,3-trifluoropropyl-trichlorosilane, or 7-octen-
1-yl-trimethoxysilane supplied by Aldrich Chemical Co.) was expended into the vessel

until the substrates were completely submerged in solution and allowed to react for 24 hours
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under nitrogen atmosphere. Once the reaction was completed, the solution was removed
using a canula and the samples were rinsed three times with dry toluene under nitrogen
atmosphere. Finally, the samples were immersed in 0.5% H>O acetone (supplied by Fisher
Scientific) to hydrolyze any residual Si—Cl functionalities and annealed in air for 24 hours
at 165°. This solution derivatization method was used to functionalise substrates (Si {100},
glass, ITO, and quartz) with and without metal oxide GLAD films (SiO,, TiO2, and Al;O3).
Three basic GLAD structures (slanted post, vertical post, and helices) were fabricated using
Si0, evaporant, and these structures were derivatized with vinyl-trichlorosilane using the
solution method as described above. This allows the examination of structural effects, if
any, on the wettability of surface functionalised GLAD films. Once the structural effects are
observed, only helical structures of silica, alumina, and titania GLAD films were compared

in the functionalisation studies.

3.3.2 Vapour-phase functionalisation

Figure 3.5: An image of the glass vacuum desiccator used in present studies.

The procedure for vapour-phase functionalisation was much simpler than functionalisation
using solvents. 1.0 mL of organotrichlorosilane (vinyl-trichlorosilane, 3,3,3-

trifluoropropyl-trichlorosilane, octadecyl-trichlorosilane) or organotrimethoxysilane (7-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sec. 3.3 Surface Functionalisation 38

octen-1-yl-trimethoxysilane) solution was transferred, as-received, into a glass vial using
a syringe. The glass vial was then placed into a vacuum desiccator (Fig. 3.5). Next, the
film samples were placed in the vacuum desiccator along with the glass vial containing the
organosilane reactant. The substrates were allowed to react for 48 hours under reduced
static pressure in an atmosphere saturated with the organosilane reagent. However, only
three types of organosilane solutions were tried here because it was expected that all other
silane-based solutions would function in much the same way as the three trial solutions;

however, this matter was not pursued further.
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Tailoring the Surface Chemistry of GLAD
Films Through Siloxane-based Surface
Chemistry

Siloxane-based surface chemistry is a well-established method for controlling the surface
properties of a wide variety of substrates (e.g., glass, indium tin oxide-coated glass,
porous silica). The versatility and durability of siloxane-tethered molecular films are
well illustrated by works using these robust surface moieties in nanolithography {77, 78,
103, 104], ordering colloidal gold nanoparticles on substrates [105], microcontact printing
[74-76] and enhancing the performance of organic light-emitting diodes [20, 61, 106].
Siloxane-based surface chemistry (Scheme 4.1) is an ideal method for introducing a
chemical “dimension” to the tunability of GLAD films since it offers the possibility
of chemical reactivity as well as extreme hydrophobicity using commercially available
reagents. This chapter describe the first application of siloxane-based surface chemistry
to complex, three-dimensional SiO; GLAD films and the formation of superhydrophobic
silica surfaces. The superhydrophobicity of the GLAD films is a result of the synergistic
effects of the film dimension and tailored surface chemistry. Here, SiO; GLAD films

of slanted, vertical, and helical post structures on Si{100} and ITO substrates were

39
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solution functionalized with vinyl-trichlorosilane, octadecyl-trichlorosilane and 3,3,3-
trifluoropropyl-trichlorosilane. Si{100} and ITO substrates with and without GLAD films
and/or chemical functionalization were characterized with scanning electron microscopy
(SEM), x-ray photoelectron spectroscopy (XPS), advancing aqueous contact angle
measurements. GLAD films on ITO-coated substrates were also evaluated with cyclic
voltammetry to investigate whether the functionalisation effectively penetrated the entire

film.

&.

IR-OH + R'GICH— = R'GH{OR]s + JHCI

OH O

+ R‘SFCh s

Figure 4.1: A schematic of alkyl trichlorosilane reaction with hydroxylated substrate
surface.

4.1 Scanning Electron Microscopy(SEM)

Scanning electron microscopy images of representative pre- and post-functionalised SiO,
films were taken using a JEOL6301F field-emission scanning electron microscope with an
acceleration voltage of 5 kV. These images are presented in Figure 4.2. The SEM images
confirm that no deterioration in the SiO, structure arises from short RIE exposure and the

GLAD films stay intact throughout the surface derivatization procedure.

4.2 X-ray photoelectron spectroscopy (XPS)

XPS is an analytical technique for establishing the composition of the outer few atomic
layers at the surface of a material. This technique has been extensively studied and
employed as a surface characterisation method by many researchers [107, 108] because it
can detect all the elements to a sensitivity in the range of 0.1-1%, except for hydrogen and
helium, which are too light in weight to be detectable by the XPS system. A monochromatic

beam of x-rays is used as the radiation source in XPS. When the source x-ray photons strike
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Figure 4.2: Representative SEM images of functionalised and unfunctionalised SiO,
nanostructures grown by glancing-angle deposition: (a) slanted posts, (b) helical columnar
pillars, and (c)vertical posts.

the surface atoms at ground state core energy level £, characteristic x-ray photoelectrons
are ejected directly from the atom at £,. The XPS instrument then detects the binding

energy (F,) of the ejected photoelectrons according to the following equation [108]:

E,=h+FE, - A, 4.1)

Where hv is the source x-ray photon energy, £, is the ground state core energy, and
A, is the chemical shift term, which is dependent on the chemical binding state of the
atom. Subsequently, the mass percentage of the elements on the surface of a material is
determined by the peak intensities of the ejected photoelectrons at specific binding energies.
Thus, the emitted XPS spectra contain information on the chemical state of the surface
atoms, and the composition as well as the mass percentage of the atoms on the surface
of a material. Composition of layers below the surface can also be studied using a depth
profile operation mode, where the surface atomic layers are sputtered away using an in situ
argon ion beam in the energy range of 0.5-5 keV. The damaging effect of the XPS source
radiation is usually very weak and charging effects are minimal; hence, both organic and
insulating materials can be easily studied with almost no noticeable effects. In the present
studies, all XPS spectra were obtained using a Kratos Axis Ultra instrument operating
in energy spectrum mode at 210 W. The base pressure and operating chamber pressure
were maintained at <107? Torr. A monochromatic Al Ko source was used to irradiate the
samples and the spectra were obtained with an electron take-off angle of 90°. The wide

survey spectra were collected using an elliptical spot with 2 mm and 1 mm major and
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minor axis lengths, respectively, and 160 eV passing energy with a step of 0.33 eV. Film
compositions were determined from the peaks of the survey spectra with subtracted linear

background using the internal instrument values of relative sensitivity factor.
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Figure 4.3: X-ray photoelectron spectroscopy of (a) the bare ITO-coated glass substrate, (b)
vinylsiloxane-derivatized ITO glass, (¢) untreated helical SiO» GLAD film on ITO glass,
and (d) vinylsiloxane-derivatized helical SiO, GLAD film on ITO glass. This spectra is
modified from [109].

XPS spectra of blank ITO and GLAD films on ITO provides insight into the effect
of chemical derivatization procedure. XPS analysis of unmodified I'TO substrates show
characteristic Sn(3d) and In(3d) emissions (Fig. 4.3a). The C(1s) emission noted in
the bare ITO substrate can be ascribed to adventitious carbon in the ITO. Upon surface
functionalization with vinyl-trichlorosilane, concomitant decreases in the Sn(3d) and
In(3d), increase in the C(1s), and appearance of the Si(2s) and Si(2p) emissions (Fig. 4.3b)
are observed. The noticeable increase in C(1ls) emission for alkyl-derivatized substrates
(with and without GLAD film) was doubtless the result of a combination of the adventitious
carbon and the overlying surface functionality. XPS analyses of all SiO; GLAD films
on ITO, independent of film morphology, show no characteristic photoemission from the
underlying ITO substrate (Fig. 4.3c). The GLAD film thickness (~2 ;sm) appears to mask

the signature ITO emissions given that XPS analysis surveys depths of sample ranging
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from 5-100 A. This masking of the adventitious C(1s) signal from ITO substrate allows a
direct comparison of the C(1s) emission from functionalised and unfunctionalised GLAD
films (Fig. 4.3c and 4.3d). Both the presence and absence of the C(1s) emission in the
functionalised and unfunctionalised GLAD film, respectively, confirms the attachment of
organic surface moieties, and thus a change in the surface chemistry of the SiO; pillars.
It is important to note the absence of the CI(2p) photoemission peaks in all the spectra of
alkyl-derivatized substrates, indicating full hydrolysis of the Si—Cl bond and the effective
removal of the HCI byproducts in funcctionalisation procedure. Similar results have been

noted for Si{100} substrates.

4.3 Advancing aqueous contact angle measurements

Contact angles are generally used for measuring the surface energy of a material and it is
attractive because it provides a easy way for estimating the solid-vapor and solid-liquid
interfacial tensions. The equilibrium relationship between the contact angle (6%) of a liquid
drop on a uniform solid surface and the solid surface tensions, solid-vapour (vs,), solid-

liquid(~ys;), and liquid-vapour(7y;,), is defined by Young’s equation [110]:

Vi COS 0" — Ysv — Vsl (42)

The contact angle refers to the angle of a tangent line drawn from the base of a liquid
drop that is in contact with a solid substrate (Fig. 4.4). To measure the contact angle, a drop
of liquid is formed at the end of a syringe and this drop is carefully placed on the substrate
surface. For advancing contact angle measurements, the syringe can be retracted after the
placement of the drop on the substrate surface. The advancing contact angle is measured
when the liquid is fully expanded on the surface (i.e., the measurement is made soon after
the drop contacts the substrate surface). However, in receding angle measurements, the
syringe is kept inside the drop of liquid, without deforming the shape, while the liquid is
extracted. Hence, the receding angle is measured when removal of any more liquid from
the drop will cause contraction of the interfacial area. Generally, the advancing contact

angle is the “wetting angle” and it is the largest possible angle because any further increase
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of drop volume will cause the drop to expand and ready to “wet” additional liquid-solid
interfacial area. In contrast, the receding angle is the smallest possible angle, and also is

referred to as the “de-wetting angle”.

Figure 4.4: A schematic of the contact angle of a liquid on a solid surface.

However, there is always a difference between the contact angle made by an advancing
liquid (6,) and a receding liquid (6,) on a solid surface, and this difference is known as the

contact angle hysteresis (H):

H=6,—0, 4.3)

Contact angle hysteresis is primarily due to surface roughness and/or chemical
heterogeneity of the solid surface. Nearly all solid surface exhibit contact angle hysteresis
because no surface is completely smooth at the microscale. It has been experimentally
found that contact angles tend to be larger on rough surfaces than on chemically identical
smooth surfaces [111]. Young’s equation cannot be used to predict the contact angles on
rough surfaces because the fact that contact angle measurements on very rough surfaces
inevitably reflect surface topography rather than surface energy alone. Unfortunately,
Young’s equation only accounts for surface tension (or surface energy), and not topography.
Hence, contact angles and surface tensions predicted by Young’s equation are only accurate
for smooth solid surfaces that are chemically uniform. However, Young’s equations still
provides a good approximation of interfacial surface tensions for smooth heterogeneous
surfaces if advancing contact angle is used. In the case of a rough solid surface, the surface

area of the material will increase due to the presence of the surface microtexture, and the
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drop of probing liquid can behave in two ways. In the first case, the liquid follows the solid
surface, that is, it fills the voids of the microstructures on the material’s surface, and the
liquid may spread depending on the hydrophilicity or hydrophobicity of the surface (Fig.
4.5a). The other case is that there is minimal contact between the drop of liquid and the top
of the microstructure resulting from air trapped inside the microstructure or trough (Fig.

4.5b).

(a) {b)

Figure 4.5: The two states of liquid behaviour on rough surfaces: a)the Wenzel state where
liquid fills in the voids of the microstructure, and b) the Cassie and Baxter state where air
is trapped between the liquid and solid substrate interface.

Wenzel [112] proposed a theoretical model for contact angles on a rough surface, where

the drop of liquid follows the behavior described in the first case:

cos 0 =rcos 0* (4.4)

where ¢’ is the apparent contact angle on the rough surface, r is the surface roughness
factor and 6* is the intrinsic contact angle on a flat surface. The surface roughness factor
is defined as the ratio between the true surface area and the geometric projected area. This
surface roughness factor r is a number always larger than unity because regardless of the
surface’s affinity for water, the wetting properties of the surface will always be magnified
by the microstructures on the surface. However, this equation does not account for surfaces
that are composed of two or more materials, and thus cannot be applied to chemically
heterogeneous rough surfaces. Cassie and Baxter’s [113] equation provides a reliable

estimate for chemically heterogeneous surfaces composed of two materials:

cos 0" = f1cos 0] + focos 0 4.5)

in which 67 is the contact angle of a fraction of surface area f;, and 6 is the contact
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angle of the other fraction of surface area f,, where f; + fo = 1. They applied this equation
to the second behavior (vide supra) of liquids on rough surfaces (i.e., air pockets arises
from the microstructure on the surface) by assuming only a fraction (f) of the liquid drop is
contacting the very top of the microstructures. This implies that the contact angle on such
a surface is an average of the angles between the fraction of solid-liquid interface (f) and

the vapor-liquid interface (1-f), which results in the modified equation:

cos ' = fcos 6°(1 — f) (4.6)

Following the reasoning from this equation, the smaller the solid-liquid interface fraction
f is, the higher the hydrophobicity of the rough surface. In other words, if the liquid drop
was only contacting air, then the apparent contact angle ¢’ would be 180°. Subsequently,
contact angle measurements not only provide a estimate of the surface energy/tension of
the solid substrate, but can also provide a direct measure of aqueous wettability of the

substrate.

Figure 4.6: First Ten Angstroms FTA100 Series contact angle/surface energy analysis
system.
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On the basis of these principles, advancing aqueous contact angle measurements in
the present study were performed using a First Ten Angstroms FTA100 Series contact
angle/surface energy analysis system (Fig. 4.6) and the standard sessile drop method.
As received, bare ITO exhibited an advancing aqueous contact angle (#) of 85° using
deionized water as the probing liquid (Fig. 4.7a). Upon treatment with oxygen RIE,
0 = 0° consistent with a surface saturated with —OH. After treatment with a solution of
alkyltrichlorosilane, the hydrophobicity of the flat ITO surface increased as evidenced
by the advancing aqueous contact angle (e.g.,, R = -CHCH2; ¢ = 111°), confirming
derivatization of the ITO surface with covalently bonded organic moieties [61]. As-
prepared GLAD films all show 8 =0°. It is unclear if this surface property is the result of the
GLAD porous structure, film surface chemistry or the most likely case, a combination of
both. To ensure saturation of the surface with —OH moieties, GLAD films were treated with
non-destructive oxygen plasma RIE before siloxane derivatization. Following assembly of
organotrichlorosilane onto the GLAD films, all of the structural motifs were found to be
extremely hydrophobic (helices: 6 = 122°, slanted posts: 8 = 124°, vertical posts: 6 =
128°). A trend is observed from comparing the contact angles of the various structural
motifs, i.e., Ouerticatposts > Osiantedposts > Oretices- However, the difference in these contact
angles is within the measurement error of the CA system, and the effect of the structural
motifs on the aqueous wettability of the films is not conclusive. A comparison of CAs
for vinylsiloxane-functionalized flat ITO and GLAD films shows a significant increase
in surface hydrophobicity with the introduction of a GLAD film (ITO vs. vertical pillar

GLAD: 111° vs. 128°). Similar results were noted for substrates functionalized with

Figure 4.7: Advancing aqueous contact angle measurements of (a)bare 1TO, (b) oxygen-
RIE-treated ITO, (c)vinylsiloxane-derivatized ITO, (d) vinylsiloxane-derivatizedSiO,
GLAD vertical posts on ITO, and (e)3,3,3-trifluoropropyl-trichlorosilane-derivatized S0,
GLAD vertical posts on Sil00. This spectra is modified from [109].
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octadecyltrichlorosilane (0 = 128°). Clearly, the differences seen in the hydrophobicity
of flat ITO and GLAD substrates are a consequence of synergistic effects of high surface
area columnar structures and the chemical properties of the siloxane bound alkyl surface
moieties. To investigate the extent to which a surface could be rendered hydrophobic
using this approach, 3,3,3-trifluoropropyl-trichlorosilane was self-assembled onto SiOy
GIAD posts on Si{100} and bare Si{100} (using the general procedure noted in Chapter
3). Upon treatment with 3,3,3-trifluoropropyl-trichlorosilane, flat Si{100} surfaces were
rendered hydrophobic (6 = 94°) while vertical pillar GLAD films (Figure 4.7¢) were super-
hydrophobic (6 >150°), once again confirming that the surface roughness introduced by

GLAD pillars significantly increases the hydrophobicity of the substrate.

4.4 Cyclic Voltammetry

Cyclic voltammetry exploits electrochemistry to study the thermodynamics and kinetics of
redox processes in organic and/or inorganic chemistry. This analysis technique is based on
the operation of an voltammetric cell, which consists of three electrodes and an electrolyte.
In cyclic voltammetry, one of the electrodes is called the working electrode, and in the
present experiment, this electrode is the one that is under analysis. The second electrode is
the reference electrode and a material that is usually inert to the electrochemical reaction
is used for this electrode. As the name implies, all voltage and current measurements
during the operation of the electrochemical cell are performed with respect to the reference
electrode. However, a third electrode known as the counter electrode is required in cyclic
voltammetry. This third electrode is largely used for large currents and/or low conductivity
electrolyte solutions to avoid a potential drop at the working electrode caused by the
internal resistance of the electrolyte. The standard three-electrode system (Fig. 4.8) along
with the potentiostat/galvanostat is very important in cyclic voltammetry because it ensures
that the potential applied is largely the same as the potential of the working electrode with
respect to the reference electrode. This is done by using the galvanostat to adjust the
currents passing through the counter and the working electrode until the potential at the
working electrode corresponds to the potential applied. The potentiostat/galvanostat also

records voltage and current simultaneously to produce the characteristic voltage-current
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curve, referred to as the cyclic voltammogram.
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Figure 4.8: A representative schematic of a voltammetric cell.

In order for a voltammetric cell such as the one shown above (Fig. 4.8) to operate, the
electroactive species in the cell must undergo a reduction-oxidation reaction (known as
redox reaction). For any reduction (i.e., gaining electrons) reaction to occur in the cell,
there must also be an oxidation (i.e., loss of electrons) reaction, and vice versa. Since an
inert reference electrode is used in cyclic voltammetry, it is the electroactive species in the
electrolyte that are reduced and oxidized throughout the operation of the cell. Typically,
the electrolyte solution contains only a single electrochemical reactant that is either in its
reduced or oxidized form. The reduction and oxidation of the this reactant during the
operation of the voltammetric cell depends on the polarity and potential of the voltage
applied. In both cases, the potential applied must be equal to the redox potential before
reduction or oxidation will occur. The linear voltage sweep applied to the working electrode
follows the waveform shown in Fig. 4.9. Note that the initial voltage potential (V;) can
be positive or negative. After the voltage reaches the switching potential, the polarity is
reversed and the voltage returns linearly to its initial value {114, 115].

Generally, the current measured at the working electrode throughout the voltage sweep

has two components: one is the heterogeneous charge transfer and the other is mass
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Figure 4.9: A representative waveform of a typical linear voltage sweep used in cyclic
voltammetry to initiate redox reactions.

transport. Therefore, the characteristic shape of the voltammogram is a result of the
voltage-dependent changes in the surface concentrations and the simultaneous diffusion
processes of the ions in the electrolyte to the electrode surface. Following this reasoning,
each redox system can then be identified by their characteristic shapes of voltammetric
wave and unequivocal position on the potential scale.

In the case of a reversible cyclic voltammogram, the rate of charge transfer is much
higher than the voltage sweep rate and a dynamic equilibrium of charges can be established
at the electrode surface. Consequently, the current measured in this case is solely dependent
on the diffusion of masses. For example, consider the electrochemical reactive species,
ferrocene, in the electrolyte to be in its reduced form, Fe?". When the voltage is swept
from zero potential (i.e., the starting point denoted in Figure 4.9) to V), the equilibrium
concentration of the reactant at the surface of the working electrode is shifted gradually
from no conversion at the starting point to its oxidized form Fe®* at V. This shift causes a
concentration gradient at the surface of the electrode, resulting in the continuous diffusion
of the reactant Fe?™ from the electrolyte to the surface of the working electrode. The
working electrode then converts any reactant reaching its surface into its reduced form
(Fe?*) and a flow of net anodic current from the working electrode to the electrolyte
results. This anodic current increases exponentially with potential, converting more and
more reactant to its oxidized form. The current peak arises when most of the reactant

has been converted to its oxidized form (i.e., the concentration of the reduced form of the
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reactant, Fe?>T, at the surface of the electrode becomes negligibly small). At this point,
the diffusion layer at the surface of the working electrode has grown sufficiently large
such that most of the reactant flux cannot reach the electrode surface. Hence, current
curve decays virtually independent of the potential as the concentration gradient decreases
and little of the reactant is converted. At the switching potential V;, the voltage sweeps
in the opposite direction (i.e., from V; to V3), and analogous phenomena occurs. In
this reverse direction, the electrolysis product or oxidized form of the reactant Fe?" is
converted to back to the original form Fe?*. The current now flows from the electrolyte
to the working electrode and the peak occurs when most of the electrolysis product is
oxidized and a negligible concentration of the product is present in the electrolyte. This
cathodic current then decays as the diffusion layer continues to expand while concentration
gradient decreases. Hence, the full voltammogram for a reversible process consists of
two important current peaks: a positive current peak for the reduction process and the
negative peak for the oxidation process of the electrolyte. Since all mass transport of the
reducible or oxidizable electroactive species occurs through diffusion, a 0.1 M solution of
a ground or supporting electrolyte must be added to the electroreactive electrolyte solution
to ensure solution conductivity and eliminate migration currents. The recorded current
values for all applied voltages (i.e., the y position of the voltammogram) may be shifted
by changing the voltage scan rate. A slow voltage scan rate will increase the time the
potentiostat/galvanostat takes to record the voltammogram. The increase in time allows
the diffusion layer to expand further away from the electrode compared to a faster voltage
scan rate. Consequently, the accessible electrode surface to the reactant flux is considerably
smaller at a slow rate than at a higher rate, and the recorded current values increase with
scan rate (i.e., the voltammogram shifts up as scan rate is increased). Yet, the x position or
the potential at which the current peaks occur should not change with scan rate if the redox
reaction is reversible. Also, for the redox process to be reversible, the potential separation
between the two current peaks is constant [114].

In contrast, if charge transfer occurs at an extremely slow rate relative to voltage scan
rate, no concentration gradient is produced at the electrode surface and the kinetics are

too slow to establish an equilibrium. In this case, the current is primarily controlled by
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the charge-transfer reaction instead of mass diffusion, and the process becomes quasi-
irreversible or irreversible. For irreversible processes, usually only one of the reduction
or oxidation reactions can be measured and the voltammogram will only have one of the
current peaks. In the quasi-irreversible case, the current is determined by both charge
transfer and mass transport processes, but it is the voltage scan rate that determines which
of these two processes become the dominant effect at the electrode. In both cases, the
voltage position at which the peaks occur will alter with voltage scan rate and the separation

between the current peaks are no longer constant.
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Figure 4.10: Cylic voltammograms of 1.0 mM ferrocene solution in 0.1 M TBACIO,
supporting electrolyte using (A) bare ITO-coated glass substrate, (B) helical SiOs pillars on
ITO, and (C) vinylsiloxane-dervatized helical SiO; pillars on I'TO as working electrodes.

It is of interest and importance to the project that trichlorosilane reagents penetrated
into the columnar GLAD structures and reacted with the underlying support substrate. To
investigate this possibility, GLAD films on ITO (as-deposited and functionalised) were
used as working electrodes in a standard three-electrode electrochemical cell. A 1.0 mM
ferrocene solution is used as the electrochemical probe here and it has previously been
used as an electrochemical probe to investigate the surface functionalization of flat ITO

surfaces [61]. Cyclic voltammetry (CV) was performed with an EG&G Model 263A
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Instruments Potentiostat/Galvanostat. A 0.1 M TBACIO,/acetonitrile was used as the
supporting electrolyte, and Pt wires were used as the pseudo-reference electrode and
counter electrode. All voltammograms were obtained using a voltage scan rate of 100
mV/s. Cyclic voltammetry experiments using unfunctionalized ITO and GLAD films
as the working electrode show reversible Fe?t/Fe® oxidation/reduction characteristic
of the ferrocene probe (Fig. 4.10A and B). Upon functionalization with vinylsiloxane,
the reversible ferrocene/ferrocenium redox process was suppressed and replaced by an
irreversible oxidation process identical to that is seen for analogous flat ITO electrodes
functionalized with a vinyl siloxane molecular layer [57,61]. From this observation we
can conclude that vinyltrichlorosilane penetrates into the GLAD structure to chemically
modify the underlying substrate. As an extension of this observation, it is presumable that

the interior pillar surfaces are also derivatized.

4.5 Chapter Summary

The surface chemistry of SiO, GLAD films have been effectively tailored using a
well-established siloxane-based chemical approach. Advancing aqueous contact angle
measurements indicate that the high surface area of GLAD films, combined with controlled
surface chemistry, provides a straightforward, effective method for preparing substrates
whose hydrophobicity exceeds that of their flat counterparts. The electrochemical studies
also suggest that the siloxane reagents penetrate into the GLAD film to form a three-
dimensional matrix with controlled surface chemistry. Clearly, the chemical structure of the
surface modifier has a great influence on the hydrophobicity of the functionalised GLLAD
films. This dependency is illustrated by the contact angles of SiO pillars bearing R=—
OH, -CH,=CH,, —CH3(CH5),sCH3, and —-CH,CH,CF3 for which ¢ lies in the range of
0 to >150°. As demonstrated, hydroxyl moieties render the surface hydrophilic, simple
hydrocarbon chains render surface hydrophobic, and fluorinated surface modifiers results
in superhydrophobicity. This nanoscale control of SiO, GLAD film surface properties have
facilitated interfacing these films with hydrophobic, functional organic materials and device

applications such as chemical sensors and optical filters.
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The Utility of Solution and Vapour-phase
Chemical Functionalisation Methods on
GLAD

This chapter compares the effectiveness of solution and vapour phase functionalisation
methodologies. The sensitivity of GLAD films to trace of water impurities in the solvent
used in the solution functionalisation method is discussed. To minimise problems arising
from the use of solvents, the simpler and more straightforward method of vapour-phase
functionalisation

was investigated as an alternative to solution-based surface functionalisation of GLAD
films. Here, 3,3,3-trifluoropropyl-trichlorosilane (CF3CH>CH,SiCls) and 7-octen-1-yl-
trimethoxysilane (H,C=CH(CH,)Si(OCH3);3) reagents were used to tailor the surface
chemistry of 2.0 um helical metal oxide (TiO,, SiO,, and Al;03) GLAD films via solution
and vapour-phase functionalisation methods. The effectiveness of the two methods was
compared using various characterisation techniques including SEM, XPS, and advancing

aqueous contact angle measurements.

54
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5.1 Effects of Solution Functionalisation Methodology

SEM images of the previously described solution-base functionalised GLAD films show
that the columnar nanostructures stay intact throughout the functionalization process.
However, throughout the course of studies on various solution functionalisation processes,
it was discovered that GLAD films are highly sensitive to traces of impurities in the solvent.
In the presence of trace water impurities, which arise when freshly distilled solvents are
not used in the functionalisation procedure, the GLAD pillars tend to agglomerate into
a “haystack” structure (Figure 5.1b). Following this observation, other extremely polar
compounds (e.g., water, methanol) with high surface tension were used to wet the GLAD
films and the same agglomeration effect was noticed. This observation was similar to, but
less pronounce than the “nanocarpet” effect reported by Fan et al. [37]. They believe that
the strong capillary force produced by the highly polar liquid wetting into the voids of the
high aspect ratio (~50:1) pillars leads to the deformation of the pillars. Another possible
explanation may be that the evaporation of water (a liquid with high surface tension) from
the film during the annealing process strains the pillar structures, resulting in agglomeration
of the pillars into the haystack structure. The formation of these haystacks and the loss of
regular film structure could hinder many device applications based on this property of the
GLAD films. However, the cause for the agglomeration of the GLAD pillars have not
been studied in detail and further examination is required for conclusive explanations to be

drawn.

Figure 5.1: Representative top view SEM images of (a) non-treated, and (b) solution-base
vinyl-trichlorosilane-derivatized SiO; film with traces of water impurities in the solvent.

To minimise pillar agglomeration, solvent waste, and demonstrate flexibility in the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sec. 5.2 Scanning Electron Microscopy Analysis 56

present approach for tailoring GLAD film surface properties, the current studies were
extended to vapour-phase functionalisation of silica, titania, and alumina GLAD films.
Si0;, TiOg, and Al;Oj3 helical GLAD films on Si{100} and glass substrates were placed
in a vacuum desiccator with an open vial containing 1.0 mL of the desired, volatile
organotrichlorosilane reagent. The desiccator was evacuated and filled with the reagent

vapour of choice and the substrates were allowed to react for 48 hours.

5.2 Scanning Electron Microscopy Analysis

Side view SEM micrographs of solution and vapor-phase treated Si0;, TiO., and Al,O3
helical GLAD film (Figure 5.2) were used to inspect any morphology changes in the film
arising from the functionalisation procedure. As expected, the SEM images of solution
and vapour-phase surface functionalised SiO» and TiO, GLAD films on show unchanged
film microstructure no agglomeration of the pillars resulting from the functionalization
procedure (Figure 5.2b, ¢). Similar results were noted for solution-base derivatization of
Al O3 film (Figure 5.2d). In stark contrast, SEM images of vapor-phase treated helical
Al>Oj3 film indicated the voids of the GLAD film were almost completely filled (Figure5.2e,
f), though some evidence of the underlying film nanostructure can still be seen. Clearly
this is a significant change from the solution functionalized or non-treated film. This
observation is consistent with well-established reactivities of SiOs, TiO,, and Al,O3 with
the byproduct of the organotrichlorosilane reaction, HCI. In particular, SiO; and TiO, are
known to be resistant to HCl whereas Al,O3 reacts with HCI to neutralise it. This alone
makes the alumina nanostructures more susceptible to degradation in this procedure. It is
conceivable that that the aluminium oxide GLAD film reacts with HCI to form a complex
aluminium chloride compound. As this new compound was exposed to ambient conditions,
the hydroxyl groups in air binds to the aluminium chloride complex to yield hydrated
alumina [116]. This reaction causes the pillars to swell and expand until the film voids
are completely filled. It is unfortunate that this side reaction leads to the destruction of the
alumina films and the simple desiccator used in the present functionalisation process cannot
actively exhaust gaseous byproducts since it only has one inlet. However, this reaction does

support the electrochemical observations earlier that the siloxane-based chemistry proceeds
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to functionalise the interior pillar surface as well as the underlying substrate surface as
illustrated by the uniform broadening of the alumina pillars in Fig.5.2f. Similar pillar

broadening effect was not observed for the solution functionalised alumina film because

the reactivity of HCI in reduced in organic media.

Figure 5.2: Representative SEM images of (a) untreated metal oxide film, (b)solution,
and (c)vapour-phase 3,3,3-trifluoropropyl-trichlorosilane-derivatized SiO, and TiO, helical
GLAD film; (d) solution, and (f) vapour-phase 3,3,3-trifluoropropyl-trichlorosilane-
derivatized Al,Oj3 film, and (e) is the corresponding top view to (f). (g) and (h) are top
and side view SEM images of the mark observed on the film after the evaporation of the
water drop from contact angle measurements, respectively.

When contact angle measurements were performed on the vapour-phase treated alumina
film via dispensing a drop of distilled water on to the surface, the water drop was observed
to gradually spread on the surface. The film surface was then blown dry using a stream
of nitrogen and a water mark corresponding to the location of the drop was observed to
remain on the surface. A SEM micrograph of the water-marked alumina film (Figure 5.2g,
h) clearly showed the voids of the film being much less filled than prior to its contact with
water (Figure 5.2f). This observation suggests that the product of the reaction between HCI
and alumina is water soluble, which is consistent with the hypothesis that the alumina film
1s converted into hydrated alumina, and hence parts of the film can be washed away by

water.
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5.3 X-ray Photoelectron Spectroscopy Characterisation
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Figure 5.3: X-ray photoelectron spectroscopy of (a) untreated, (b) solution, and (¢) vapour-
phase 3,3,3-trifluoropropyl-trichlorosilane-derivatized helical TiO, film prepared on Si100
substrates.

XPS analysis of vapour functionalised TiOy and SiO, GLAD films show emissions
arising from the surface modification that are more intense than the same signals noted
for analogous solution derivatized samples. XPS of unmodified TiO, films (Figure 5.3a)
prepared on Si{ 100} substrates show characteristic Ti(2s), Ti(2p), Ti(3s) and O(1s) signals.
The small C(1s) emission observed in this spectrum can be attributed to adventitious
carbon arising from the melting of the carbon crucible holding the source material during
deposition. Upon functionalization with 3,3,3-trifluoropropyl-trichloroislane, a slight
decrease in the emission intensity arising from the GLAD pillars and a concomitant
increase in C(ls), appearance of Si(2s), Si(2Zp) and F(1s) emissions were noted in the
XPS spectra of vapor-phase (Figure 5.3c) surface treated titania film. This is consistent
with the attachment of organic moieties onto the surface of the film. Similar results

were noted for SiO, films prepared on Si{100} substrates. Emissions from the solution
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treated Al;O3 (Figure 5.4 b) films were similar to the solution spectra observed for the
other two metal oxides, and the appearance of F(1s), Si(2s), Si(2p) and the simultaneous
increase in C(1s) signal supports a change in the surface chemistry of the GLAD film as
stated before. However, a significant decrease in all characteristic alumina emissions, with
respect to the untreated or solution functionalized alumina, is observed from the vapor-
phase functionalized Al,O3 spectra (Figure 5.4¢). Yet, the F(1s) and C(1s) emissions of
the vapor-phase treated Al,Oj3 film were substantially higher than the untreated or solution
treated alumina film. This is consistent with the earlier presumption that Al;O3 has reacted
with HCI, and hence the strong characteristic signals from Al,Os film were not observed
as expected. Furthermore, this noticeable decrease of Al(2s), Al(2p) and O(1s) emissions
implies a decrease in the mass concentration of aluminium and oxygen in the alumina film,
which in turn means an increase in the mass concentration of F and C in the aluminum

oxide film.
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Figure 5.4: X-ray photoelectron spectroscopy of (a) untreated, (b) solution, and (c¢)
vapour-phase 3,3,3-trifluoropropyl-trichlorosilane-derivatized helical Al,Oj film prepared
on Si{100} substrates.
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5.4 Organotrimethoxysilane Surface Functionalisation

To eliminate the detrimental side reaction of HCI with Al,O; GLAD films, surface
functionalisation of GLAD films with organotrimethoxysilane reagents were investigated.
These reagents were previously used to functionalise flat Al,Os substrates [117] and
beads [118] via solution-based methods. Organotrimethoxysilane reagents are particularly
promising for alumina GLAD film surface modification because methanol is the only
byproduct of the reaction and will not react with the alumina film. Using the same
solution and vapour phase procedures described for alkyltrichlorosialnes, alumina films
were surface functionalised with 7-octen-1-yl-trimethoxysilane. The SEM micrograph
in Fig.5.5a is a SEM representative image of pre- and post- solution and vapour-phase
trimethoxysiloxane-derivatized Al,Oj3 film. Clearly, no structural variations or filling of
the voids is seen. This is supports with the previous assumption that the filling of the
film’s void volume is caused by the reaction between HCI and Al,O5;. Hence, when the
film material is inert to the byproduct, the nanostructures of the film will remain intact

throughout the functionalisation procedure.

Figure 5.5: A representative SEM image of pre- and post- solution and vapour-phase 7-
octen-1-yl-trimethoxysilane functionalised Al,Oj3 film.

The solution and vapour trimethoxysiloxane-derivatized alumina film XPS sptectra show
characteristic alumina signals, confirming that the alumina surface is not susceptible to
reaction with the methanol byproduct. In addition, a significant increase in C(ls), and
the appearance of Si(2s) and Si(2p) emissions were noted in both of the XPS spectra

presented in Fig. 5.6. Therefore, the vapour-phase chemical functionalisation method
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Figure 5.6: X-ray photoelectron spectroscopy of (a) untreated, (b) solution, and (¢)
vapour-phase 7-octen-1-yl-trimethoxysilane-derivatized helical TiO, film prepared on
S1100 substrates.

is still an effective method for tailoring the surface properties of GLAD films as long as
the film material is not susceptible to reacting with the byproduct of the functionalisation
reaction. A comparison of the two methoxysiloxane-derivatized alumina spectra in Fig. 5.6
suggests that vapour-phase treatment methods is more effective than the solution method
since the C(1s), Si(2s), and Si(2p) peaks have noticeably higher intensity in the vapour-
treated alumina spectra than its solution counterpart. In addition, XPS analysis of all
films derivatized with solution and vapour phase protocols with organotrichlorosilanes
and organotrimethoxysilanes show an expected appearance of Si(2s) and Si(2p) peaks,

supporting a surface siloxane linkage.
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5.5 Advancing Aqueous Contact Angle Measurements

The following table summarises the contact angle measurements for untreated, solution and
vapour phase chemically modified metal oxide GLAD films. The chemical structure of the

two reagents used to tailor the surface chemistry of the GLAD films in the present study is

given in Figure 5.7.
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Figure 5.7: The chemical structure of (a)3,3,3-trifluoropropyl-trichlorosilane, and (b)7-
octen-1-yl-trimethoxysilane. The latter reagent is referred to as C;1Hs,05Si.

Table 5.1: Advancing aqueous contact angle (CA) comparison of untreated, solution and
vapour phase modified SiO;, TiO,, and Al;Oj3 helical GLAD films.

Materials | CA of Untreated & | CA of CF3CH>CHsSiCl; Treated | CA of C;1H4105Si Treated
RIE-treated Solution | Vapour Solution |  Vapour
S10, 0° 120° 121° - -
TiO, 0° 67° 118° - -
Al,O3 0° 81° 94° 33° 52°

As-deposited and oxygen plasma RIE treated metal oxide GLAD films exhibit an
advancing aqueous contact angle of 6 = 0° (Fig.5.8a) as previously depicted in Chapter 4.
Following the assembly of 3,3,3-trifluoropropyl-trichlorosilane, the metal oxide surfaces
of present structures exhibit differing degrees of hydrophobicity. Solution and vapor-
phase functionalised helical SiO, film were observed to be very similar (120° vs 121° in
Table5.1). However, comparing the contact angle of these solution modified helical silica
films (Figure 5.8b) to the vertical post silica films modified with the same fluorinated-
trichlorosilane reagent in the previous chapter (Figure 5.8¢), it is clear that the vertical

pillars exhibit significantly greater hydrophobicity than helices (i.e., 0,0rs > 150°, Opesices
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Figure 5.8: Representative aqueous advancing contact angle measurements of (a) untreated,
(b) solution, and (c) vapour-phase 3,3,3-trifluoropropyl-trichlorosilane-derivatized SiOs;
(d) solution, and (e) vapour-phase 3,3,3-trifluoropropyl-trichlorosilane-derivatized TiO,;
(f) solution, and (g) vapour-phase 3,3,3-trifluoropropyl-trichlorosilane-derivatized Al»Os;
(h) solution, and (i) vapour-phase 7-octen-1-yl-trimethoxysilane-derivatized Al,O3. All of
the films were of helical structures prepared on Sil00 substrates.

= 120°). From straightforward geometrical considerations, it can be seen that helices have
greater contact area with the water droplet than the vertical pillars. According to the Cassie
and Baxter’s modified equation (Equation 4.6), the greater the liquid-solid contact surface
1s, the lower the hydrophobicity would be for a rough surface. Hence, it is reasonable that
the modified vertical pillars exhibit greater hydrophobicity than similarly modified helices.
Furthermore, considering the structural motif of the two films, vertical post nanostructures
have easily accessible surface area for the oxygen ions in RIE treatment, whereas the helical
structure may have hidden areas where the oxygen ions cannot reach. This suggests the
density of the hydroxyl groups on the surface of the helical structures may be less than
the vertical post structures. Since the maximum reactivity between the film surface and
the organosilane reagents depends on the density of hydroxyl groups on the that surface,
a higher density of —OH implies that the surface can be more effectively functionalised.
Again, this supports the greater hydrophobicity observed from the surface modified vertical
posts than the similarly treated helical film.

Though the vapour and solution phase functionalisation of SiO, films produce nearly
identical advancing aqueous contact angles, this is not the case for the analogous treated

TiO; and Al;O;3 films. The solution 3,3,3-trifluoropropyl-trichlorosilane treated alumina
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structure exhibit advancing aqueous contact angle of 76° while vapour functionalisation
resulted in destruction of the film. A significant difference between solution and vapor
phase 3,3,3-trifluoropropyl-trichlorosilane derivatized TiO, contact angles, 8,pution = 76°
and 0,450, = 118°, respectively was noted. ¢ = 76° for solution treated TiO, is consistent
with the results observed by Advincula er al. for solution-based functionalisation of high
surface area sol-gel derived TiO, [119]. It is unclear why the solution functionalised
films are less hydrophobic than their vapour phase derivatised counterparts. However, a
qualitative comparison of the relative intensities of Si(2s) and Si(2p) XPS emissions of
the solution and vapour phase derivatised titania film suggest that there is a greater Si
concentration at the surface of the vapour modified film. Another plausible explanation
may be the greater accessibility of the GLAD film internal structure afforded to the vapour
phase orgranic moieties. Also, the reactant solution used in vapour-phase functionalisation
was used as-received whereas the reactant solution was diluted using dry toluene to a
concentration of 20 mM in solution functionalisation. The higher reagent concentration in
vapour-phase functionalisation may lead to the chemisorption of significantly more reactant
to the film surface when compare to solution functionalisation. The precise reason for the
difference between the contact angles measured on vapor-phase and solution treated TiO»
and Al;Oj3 film is unknown and a detailed investigation would be needed to explain this
phenomenon. Contact angle measurements of trimethoxysiloxane-derivatized Al,O3 film
(Figure 5.8h and 1) demonstrate that a more hydrophobic surface, compared to the non-
treated film (6 = 0°), is achieved. However, the greater hydrophobicity of the vapour-phase
functionalised film relative to its solution counterpart (i.e., 0yapour = 52° VS Osopution = 33°)

is once again observed in the trimethoxysilane functionalised film.

5.6 Chapter Summary

To summarise, agglomeration of GLAD npillars arising from traces of water impurities
in solvents used in solution surface functionalization have been effectively prevented
by extending the present approach to the vapour-phase functionalisation method. SEM
micrographs of pre- and post-functionalised metal oxide films indicate the GLAD

structures remain unchanged throughout the two functionalization processes, with the
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exception of alumina. Though the byproducts from the vapour functionalisation process
reacted with alumina to completely fill the voids of the film, it was demonstrated
that alumina films can still be effectively tailored with no structure deterioration by
vapour-phase functionalizing with organotrimethoxysilane. XPS results further confirmed
the hypothesis that the film structure will not deteriorate as long as the film material
is not susceptible to react with the byproducts of the functionalisation processes.
Advancing aqueous contact angle measurements and XPS results suggest that vapour-phase
functionalisation may be a superior method for tuning the surface energies of GLAD films
since surfaces with greater content of the organic moieties and greater hydrophobicity
than its solution counterpart can be achieved with this method. In addition, vapour-
phase functionalisation is a more straightforward, inexpensive, and versatile method that
eliminates the use of solvents,making it the ideal method for tuning the surface properties

of GLAD films and other substrates.
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Applications and Future Directions

Up until now, this thesis had focused on the chemical tunability of various GLAD films
through surface functionalisation methods. In the next few sections, the first application of
surface functionalisation to GLAD-produced humidity sensors and optical band-bass filters
is described in detail. The effects of surface functionalisation on the devices’ sensitivity to
relative humidity are reported, along with other potential applications of surfaced treated
GLAD films. The latter part of this chapter discusses recommendations the author has for
future experiments arising from this project. Finally, a summary of all the work and results

presented in this thesis is given.

6.1 Application of Surface Treated GLAD Films

Some of the most important properties of a humidity sensor include high sensitivity, broad
range of operation for both humidity and temperature, small hysteresis, low cost, and fast
response time among others. The response time of a sensor refers to the time it takes the
sensor to respond to a step change in the humidity. Thus, the rate at which successive
measurements can be made by a humidity sensor is limited by the response time of the

sensor. It has been recently demonstrated that GLAD-based capacitive humidity sensors
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have nominal response times of 40-100 ms [44, 120]. This is a significant decrease from
the 3 s response time of typical commercial humidity sensors, and it is doubtless the
result of the high porosity and high surface area created by the GLAD nanostructures.
However, the large pores in the GLAD film also makes the GLAD-based sensors less
sensitive to changes in relative humidity, especially in the lower humidity regions. Since
surface functionalisation methodologies can vary the degree of surface hydrophobicity or
hydrophilicity by tailoring the surface chemistry of GLAD nanostructures, it may be an
ideal method for controlling the sensitivity of GLAD-based humidity sensors.

In an attempt to improve the sensitivity of the GLAD-based sensor in the lower regions
of humidity, a titania GLAD sensor was treated with O, plasma RIE to increase the
hydrophilicity of the film. In theory, increasing the hydrophilicity of the GLAD film
will increase the film’s affinity for water, and may enhance water adsorption even at low
humidity levels. As described before, the RIE process is known to saturate the surface
of substrates with hydroxyl (-OH) moieties, which has the strongest affinity for water.
Hence, RIE appears to be the best method for rendering surfaces extremely hydrophilic.
Following 90 s of RIE treatment, the titania GLAD sensors were tested in a simple humidity
chamber [121] and the capacitive responses were compared to the ones obtained pre-
treatment. Advancing aqueous contact angle measurements showed contact angles (0) of
0° for untreated and RIE-treated alumina sensor (Fig. 6.1). No noticeable differences were
observed in the comparison of the pre- and post-RIE treated sensor’s capacitive responses.
This can be attributed to the fact that the alumina film was relatively hydrophilic prior to
RIE treatment, and the hydrophilicity of the film simply cannot be increased sufficiently by
RIE treatment to change the capacitive sensor response. In addition, the large pore size of
GLAD films requires a corresponding high value in water vapour pressure before capillary
condensation occurs. Hence, it is not too surprising that the RIE treatment did not have
significant influences on the sensor response.

Subsequently, the titania GLAD sensor was rendered hydrophobic (8 = 98°) via vapour-
phase surface functionalisation using 3,3,3-trifluoropropyl-trichlorosilane as the chemical
reagent. This functionalised sensor was tested in the same humidity chamber as before and

its capacitance response, measured over a broad range of humidity levels, was compared
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Figure 6.1: Representative aqueous advancing contact angle measurements of (a) untreated
titania humidity sensor and optical rugate filter, and vapour-phase 3,3,3-trifluoropropyl-
trichlorosilane-derivatised TiO. (b) humidity sensor and (c) band-pass rugate filter.

with the response curve of the unfunctionalised sensor. It was observed that the response
of the functionalised sensor was completely insensitive to changes in humidity indicating
the lack of water adsorption at the surface of the sensor. This implies that the degree
of hydrophobicity of the chemical treated sensor is sufficient for inhibiting water vapour
adsorption at all levels of humidity. Since capacitive sensors operate by having humidity
dependent capacitance (i.e., greater the amount of adsorbed water vapour, higher the
capacitance measured), a lack of water vapour adsorption results in no significant change in
capacitance [122]. Similar results were obtained for alumina GLAD sensors functionalised
by solution-phase vinyl-trichlorosilane. The effectiveness of the surface functionalisation
method for tailoring the surface chemistry of GLAD films is once again demonstrated by
turning off the capacitive response of GLAD-fabricated humidity sensors. Furthermore,
this surface functionalisation method opens many doors to future studies on various gas
and chemical sensors. For example, it can be used in the fabrication of GLAD-based gas
sensors by attaching a chemical reagent to the surface of the GLAD nanostructures that
would selectively sense the desired substance through preferential adsorption.

Though the ability to inhibit the sensors’ sensitivity to water by rendering the film surface
hydrophobic is not useful in improving the performance of a humidity sensor, but it is
interesting in consideration of humidity sensitive optical devices. Hence, the dependence of
a GLAD-fabricated titania optical band-pass rugate filter’s [42] optical response on changes
in relative humidity was examined in the same humidity chamber as described before. It
was noted that the position of optical bass band shifted significantly in wavelength as the

humidity levels increased in the chamber. To prevent the response of the GLAD filter
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to shift with humidity, vapour-phase surface functionalisation method was applied to the
filter, and the surface of the GLAD filter was rendered extremely hydrophobic (6 = 109°)
using 3,3,3-trifluoropropyl-trichlorosilane. The optical responses of post-functionalised
titania optical filter yield a desensitized filter with no major shifts in the pass band at all
humidity levels. Hence, the optical filter’s sensitivity to humidity was successfully inhibited

by tailoring the surface chemistry of the GLAD film.

6.2 Future Experiments

Aside from the applications described above, there are countless additional avenues of
exploration as well as potential applications for tailoring the surface properties of GLAD
films. For example, it has been demonstrated that helical structured GLAD films are chiral
and its optical activity can be enhanced by impregnating the voids of TiO» GLAD films with
organic liquid crystalline materials [123]. Because the liquid crystals (LC) are hydrophobic
and the titania films are relatively hydrophilic, there is a surface energy mismaich at
interface of the two materials, and thus, it is very difficult to embed the L.Cs into the film.
A potential experiment can be to tailor the surface energy of the GLAD films such that
it would match well with the LCs (i.e., rendering the film surface hydrophobic), and thus
allowing the LCs to flow more readily into the voids of the film. This will require testing
with several organic functional materials with varying chain lengths and hydrophobicity
in order to obtain the best matched surface energy possible. The hydrophobicity of the
functionalised GLAD film and the attachment of the organic moieties can be determined
by contact angle measurements and XPS analysis, respectively.

The large accessible surface area, high porosity, and the ability to control that porosity,
make GLAD films ideal for sensing applications. Thus, the field of GLAD-fabricated
sensors is filled with opportunities and it has the best potential for commercialisation. In
the future, the application of surface functionalisation can be extended to various chemical
gas sensors including carbon monoxide and volatile organic compounds (VOC). Because
surface functionalisation is extremely versatile, a wide range of chemical reagents can
be used to tailor the surface chemistry of GLAD films until the appropriate chemical is

discovered for selective sensing of a certain compound. For example, in order to create a
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carbon monoxide sensor, the surface chemistry of the GLAD film might be first tailored
with 2-cyanoethyl-trichlorosilane, and subsequently attaching an iron porphyrin molecule
to the tail group (CN) of the first chemical reagent. CO is known to attach to the iron,
and once it attaches to the iron, the colour of the functionalised film may change (i.e.,
the adsorption band of the iron porphyrin derivatised GLAD shifts with the attachment of
CO molecules), indicating the presence of carbon monoxide. In the case of VOCs, TiO;
GLAD films can be functionalised to varying degrees of hydrophobicity in order to sense a
certain group of VOCs. For instance, the films can be made slightly hydrophobic for VOCs
such as methanol and isopropanol. On the other hand, they can be tailored to be extremely
hydrophobic for compounds such as toluene and hexane.

There are many other potential research ideas that can be explored with surface
functionalisation in GLAD including improving the wetting of GLAD-fabricated organic
thin films on silicon wafers, glass and ITO coated glass substrates by better matching the
surface energies of the organic evaporant material and the substrate. Once again, a broad
range of organic chemicals will need to be tested in this experiment. The goal in this
experiment would be to obtain a graph of the wettability of organic materials deposited
using GLAD with respect to hydrophobicity of the substrates. These functionalised film
are also well suited for catalytic and biosensor applications. Very little amount of work
has been placed into the investigation of the possibility of utilizing these GLAD films as
cataylsis or biologic devices; consequently, there is much room for exploration in the these

two fields.

6.2.1 Summary

In this thesis, the chemical tunability of various metal oxide GLAD films was explored
using solution and vapour-phase surface functionalisation methodologies. First, SiO; films
of vertical, slanted and helical structures were functionalised using solution siloxane-based
surface chemistry. SEM images of pre- and post-solution-functionalised GLAD films
showed no structural changes throughout the derivatization processes as long as there was
no water impurities in the organic solvent. Any traces of water would lead to agglomeration

of the GLAD pillars. XPS spectra confirms the attachment of the organic moieties to the
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surface of GLAD film. Following surface functionalisation, all GLAD films were rendered
extremely hydrophobic as indicated by advancing aqueous contact angle measurements.
The electrochemical studies of the siloxane-derivatised silica film also suggest that the
siloxane reagents penetrates effectively into the GLAD film to tailor the interior surfaces of
the pillars. Thus, a three-dimensional network of columnar nanostructures with controlled
surface chemistry is produced.

To eliminate the detrimental effects of solvents on the structure of GLAD films
(e.g., agglomeration of the pillars), surface treatment methods were extended to vapour-
phase functionalisation. The surface chemistry of a variety of metal oxide GLAD
films (silica, titania, and alumina) were tailored through both solution and vapour-phase
functionalisation methods. SEM micrographs confirmed that the GLLAD nanostructures
stayed intact throughout both functionalisation procedures for all metal oxide films, with
the exception of vapour-phase-derivatised alumina. The voids of vapour-phase siloxane-
tethered alumina film appeared to be completed impregnated as a result of the chemical
byproduct reacting with the film. XPS spectra further confirmed this presumption by
showing a significant decrease in aluminum and oxygen emissions in the vapour-phase
siloxane-derivatised alumina film. However, it was demonstrated that alumina GLAD
films can still be effectively vapour-phase functionalised with no structural changes if the
reagent used did not produce byproducts that reacted with the film. Advancing aqueous
contact angle measurements established that vapour-phase functionalisation method was
a more straighforward and effective method for tailoring the surface chemistry of metal
oxide GLAD films because it yields more uniform hydrophobic surfaces. However,
regardless of the surface functionalisation methods applied, by combining the controlled
surface chemistry with high porosity, large surface area GLAD nanostructures, extremely
hydrophobic surfaces were created whose hydrophobicity exceeds their flat counterparts.

Finally, GLAD films with controlled surface chemistry was applied to GLAD-based
capacitive humidity sensors. By rendering the sensor surface hydrophobic using previously
described surface functionalisation methods, water adsorption was completely inhibited at
all humidity levels. The capacitance of the chemical treated sensor remained relatively

constant regardless of the changes in humidity. Clearly, a hydrophobic sensor does
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not have an affinity for water, and thus becomes insensitive to all humidity changes
in its environment. This phenomenon was later applied to an optical band-pass rugate
filter fabricated using an advanced GLAD technique. Optical measurements of the
functionalised filter demonstrated that by rendering its surface hydrophobic, the position
of the pass band became desensitized to variations in humidity. Hence, by controlling
the surface chemistry of GLAD films, optimal performance of the band-pass filter can be
achieved independent of variations in humidity. In the future, the ability to tune and control
the surface chemistry of GLAD films can be applied in the fabrication of GLAD-based
chemical sensors via introducing selectivity for the compound to be detected. In addition,
it can also enhanced the optical activity in helical structured GLAD films by tailoring the
surface energy mismatch between liquid crystals and the substrate.

There are many promising applications for controlling the surface chemistry of GLAD
with chemical functionalisation techniques, and a countless amount of further exploration
and research is need to realise those potential applications. Much of the fundamental
research for controlling the surface properties of GLAD films through effective tailoring
of metal oxide GLAD films’ surface chemistry via two straightforward, well-established,
inexpensive surface functionalisation techniques has been provided in this thesis. Hence,
the work presented in this thesis has made GLAD even more versatile by adding a chemical

dimension to the tunability of GLAD films.
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