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Abstract

Highly evolved, efficient and sophisticated biological systems can be

used as models for scientific innovations. This research explored spe-

cific surface structures on plant leaves with respect to their hydropho-

bicity in the context of the often arid Australian climate. The re-

lationships between leaf surface structures and their hydrophobicity

could inform the making of artificial surfaces with specially designed

hydrophobicity.

Moderate hydrophobicity and strong surface adhesion were discovered

on many study plant leaves. Scanning Electron Microscopy (SEM) re-

vealed that their surface morphologies could be categorized into four

groups while their water-repellent mechanisms were considered at an

individual species level. Specifically, physical models were built based

on the topography of several Eucalyptus species. Wetting robustness

and surface free energy analyses were performed with these models

to study wetting transitions on surfaces with specific microscopic fea-

tures.

In the fabrication component of the study, a convenient self-assembly

procedure of oxysilane successfully converted a hydrophilic glass slide

into a hydrophobic surface, with the measured contact angle chang-

ing from 30.8 to more than 100◦. Atomic force microscope (AFM)



images showed randomly distributed roughness at a micrometre scale

on these self-assembled hydrophobic surfaces. Samples with square

arrays of micro-posts were also fabricated following a sophisticated

photo-lithography process. Wetting properties similar to some leaves,

namely moderate hydrophobicity and strong surface adhesion, were

observed with these fabricated samples. Anisotropic wetting, liquid-

surface contact footprints and base lengths on these micro-textured

surfaces were also investigated.

Finally, fluorine containing diamond-like carbon (F-DLC) coatings

were examined because of their chemical inertness, mechanical dura-

bility, and low surface energy. F-DLC films were prepared by closed-

field, unbalanced, magnetron sputtering (CFUBMS) on silicon sub-

strate to study their wetting and mechanical properties. The influ-

ences of CF4 and C2H2 gas addition during fabrication on these prop-

erties were explored by measuring contact angles, fluorine contents,

surface roughness, Young’s modulus and hardness. Simulation from

Finite Element Analysis with COMSOL software was also conducted

to confirm the mechanical results obtained in nano-indentation exper-

iments.

The leaf surface geometries revealed in this study could trigger fur-

ther relevant research and applications. Surface free energy analysis

on the built models could lead to a deeper theoretical understand-

ing of wetting state transition for these geometries. The preliminary

results on the self-assembly of oxysilane at ambient conditions could



contribute to the development of cost-efficient and environmentally

friendly methods for fabricating durable hydrophobic coatings. The

results of F-DLC coatings could be beneficial for manipulating surface

free energy and mechanical properties, to match specific requirements

for certain applications.



Contents

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Motivation for the research . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Scope of thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 Summary of chapters . . . . . . . . . . . . . . . . . . . . . . . . . 5

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Literature Review 11

2.1 Surface tension . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 Solid surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Theoretical background . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3.1 Contact angle . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3.2 The Wenzel model and Cassie-Baxter model . . . . . . . . 17

2.3.3 The wetting state transition . . . . . . . . . . . . . . . . . 19

2.3.4 Contact angle hysteresis . . . . . . . . . . . . . . . . . . . 21

2.4 Mechanisms of superhydrophobic wetting . . . . . . . . . . . . . . 25

2.5 Superhydrophobicity in nature . . . . . . . . . . . . . . . . . . . . 26

2.5.1 Structure of cuticle . . . . . . . . . . . . . . . . . . . . . . 27

ix



CONTENTS

2.5.2 Lotus effect vs. petal effect . . . . . . . . . . . . . . . . . . 28

2.5.3 Eucalyptus in Australia . . . . . . . . . . . . . . . . . . . . 31

2.6 Applications of superhydrophobic surfaces . . . . . . . . . . . . . 32

2.7 Biomimetic surface development . . . . . . . . . . . . . . . . . . . 35

2.7.1 Roughening hydrophobic materials . . . . . . . . . . . . . 37

2.7.2 Hydrophobic treatments of roughened surfaces . . . . . . . 37

2.7.3 Depositing hydrophobic materials with rough topography . 39

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3 Water Repellency of Selected Australian Native Leaves and Di-

atoms 51

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.2 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . . 53

3.2.1 Sample collection and preparation . . . . . . . . . . . . . . 53

3.2.2 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . 53

3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 56

3.3.1 Hairy leaves . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.3.2 Palm-tree-like hairs . . . . . . . . . . . . . . . . . . . . . . 63

3.3.3 Micro-ridge topography . . . . . . . . . . . . . . . . . . . . 66

3.3.4 Modelling of diatoms . . . . . . . . . . . . . . . . . . . . . 68

3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4 Hydrophobic Australian Eucalyptus Leaves 79

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.2 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . . 81

x



CONTENTS

4.2.1 Sample preparation . . . . . . . . . . . . . . . . . . . . . . 81

4.2.2 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . 81

4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 82

4.3.1 Surface morphology . . . . . . . . . . . . . . . . . . . . . . 82

4.3.2 Contact angle calculations . . . . . . . . . . . . . . . . . . 89

4.3.3 Analysis of wetting robustness . . . . . . . . . . . . . . . . 91

4.3.4 Analysis of surface free energy . . . . . . . . . . . . . . . . 95

4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5 Fabrication of hydrophobic surfaces using self-assembly and photo-

lithography methods 113

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.2.1 Self-assembly of hydrophobic films on glass slides . . . . . 116

5.2.2 Fabrication of square arrays of microscopic cylindrical posts

using photo-lithography . . . . . . . . . . . . . . . . . . . 116

5.2.3 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . 117

5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 118

5.3.1 Wetting properties of self-assembled coatings . . . . . . . . 118

5.3.2 Anisotropic wetting on micro-post surfaces fabricated with

photo-lithography . . . . . . . . . . . . . . . . . . . . . . . 124

5.3.2.1 Contact angles on micro-post surfaces . . . . . . 124

5.3.2.2 Water droplet and contact area patterns . . . . . 128

5.3.2.3 Contact base lengths along the contact line . . . 130

xi



CONTENTS

5.3.2.4 Tilt stage experiments . . . . . . . . . . . . . . . 132

5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6 Wetting and mechanical properties of fluorinated diamond-like

carbon coatings 141

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

6.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . 143

6.2.1 Preparation of DLC and F-DLC coatings . . . . . . . . . . 143

6.2.2 Contact angle measurements . . . . . . . . . . . . . . . . . 144

6.2.3 Surface characterization . . . . . . . . . . . . . . . . . . . 144

6.2.4 Surface chemistry . . . . . . . . . . . . . . . . . . . . . . . 145

6.2.5 Mechanical tests . . . . . . . . . . . . . . . . . . . . . . . 146

6.2.6 Finite Element Analysis . . . . . . . . . . . . . . . . . . . 147

6.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 148

6.3.1 Surface chemical composition . . . . . . . . . . . . . . . . 148

6.3.2 Water contact angle measurements . . . . . . . . . . . . . 152

6.3.3 Surface morphology . . . . . . . . . . . . . . . . . . . . . . 153

6.3.4 Nanoindentation studies . . . . . . . . . . . . . . . . . . . 154

6.3.5 Finite Element Analysis . . . . . . . . . . . . . . . . . . . 156

6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

7 Wetting and mechanical properties of fluorinated and fluorine-

free diamond-like carbon coatings 167

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

xii



CONTENTS

7.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . 169

7.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 170

7.3.1 Surface chemical composition . . . . . . . . . . . . . . . . 170

7.3.2 Water contact angle measurements . . . . . . . . . . . . . 175

7.3.3 Surface morphology . . . . . . . . . . . . . . . . . . . . . . 175

7.3.4 Nanoindentation studies . . . . . . . . . . . . . . . . . . . 180

7.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

8 Conclusions and future work 187

APPENDICES 190

A Operation of Atomic Force Microscopy (AFM) 191

A.1 Aiming of laser beam . . . . . . . . . . . . . . . . . . . . . . . . . 193

A.2 Setting resonance frequency . . . . . . . . . . . . . . . . . . . . . 194

A.3 Approaching the surface . . . . . . . . . . . . . . . . . . . . . . . 195

A.4 Scanning the surface . . . . . . . . . . . . . . . . . . . . . . . . . 196

A.5 Image analysis and data processing . . . . . . . . . . . . . . . . . 197

xiii



CONTENTS

xiv



Chapter 1

Introduction

1.1 Background

Wetting, the contact between a solid phase and a liquid phase, is a ubiquitous

phenomenon as liquid water exists almost everywhere on earth. Different lev-

els of wetting are found in nature. Generally, tree leaves are fully covered by

water film after a shower, while under the same conditions water pools in some

bush leaves, without covering the whole leaf surface. Conversely, spherical dew

droplets, are usually found on grass leaves and spider webs in early autumn morn-

ings in temperate climates. Striking examples include on lotus leaves and bird

feathers. Water forms spherical droplets on the horizontal surfaces in both cases

and readily rolls off when these surfaces are slightly tilted.

The wetting condition on many tree leaves can be categorized as hydrophilic,

on grass leaves and spider webs as hydrophobic, on lotus leaves and bird feather

as superhydrophobic. Different wetting types also support various practical ap-

plications. For example, hydrophilicity is preferred for water adhesion and col-

1



1. INTRODUCTION

lection, while hydrophobicity is preferred for water-proofing functions including

on clothes, window glass, autos and electronics. Superhydrophobicity, character-

ized with high water contact angles and small roll-off angles, has received most

research attention, due to its additional functions, such as self-cleaning [1–5],

anti-fogging [6], anti-icing [7, 8], buoyancy [9] and drag reduction [10, 11].

The fundamental theory of wetting dates back to 200 years ago, when Young

claimed the existence of a contact angle for a specific combination of solid and liq-

uid [12]. In the mid 20th century, the classical Wenzel [13] and Cassie [14] wetting

models were introduced and incorporated surface roughness factors. Nearly 50

years later, the explicit microscopic images of lotus leaf [15], with structural de-

tails of microscopic papillae and nano-scale wax, indicated the critical importance

of multi-scale surface roughness for superhydrophobicity. Ever since, superhy-

drophobicity has been extensively researched through experiments, calculations

and simulations. Despite major progress has been made on this topic, theoreti-

cal descriptions of wetting modes are still debated and difficulty is encountered

during the conversion of relevant laboratory prototypes to industrial use.

1.2 Motivation for the research

Wetting has been studied extensively in the past two decades. Various models

have been built to simulate wetting conditions on surfaces with different geom-

etry [16–18]. Physics, mechanics, dynamics, kinetics and thermodynamics have

been introduced to the theoretical studies on different scale levels [19]. However,

questions such as how nano-structures specifically affect a surface’s wettability

and how wetting conditions transition, are still left unanswered [20].

2



1.2 Motivation for the research

Hundreds of materials and dozens of fabrication techniques have been com-

bined to generate surfaces with extreme wetting properties [21]. Impacts of wet-

ting properties on other natural occurrences, such as corrosion and friction, have

been scrutinized and utilized in laboratories [22, 23]. However, the commercial-

ization of these artificial water-repellent surfaces has faced several challenges.

1. Most of these fabricated surfaces are quite fragile [24] and are easily dam-

aged by mechanic impacts or even gentle rubbing. Specifically, most sur-

faces with low surface energy are made of organic polymers, which are usu-

ally less mechanically robust than inorganic materials, especially metals.

2. These fabricated surfaces still absorb oil and grease contaminants, even

though they are rendered superhydrophobic for self-cleaning [25]. Oily

substances can easily adhere, impregnate and block the fine structures of

water-repellent surfaces, due to their low surface energy. Eventually, the

accumulation of dirt particles significantly reduces of superhydrophobic or

water-repellent properties.

3. These fabricated surfaces cannot repair themselves from some segmental

malfunction [25]. In contrast, plant leaves may be delicate and fragile, but

they can regenerate their hydrophobic epicuticular wax layer quickly and

recover full surface properties. This self-repairing property compensates for

the fragility of wax layers and secures long-time stability.

Although it is difficult to duplicate the surface morphology and biological sys-

tem of a living plant leaf using today’s science and engineering, it is still possible

to simulate water repellent behaviour on fabricated surfaces by harnessing chem-

ical reactions and physical transitions. By observing water-repellent surfaces in

3



1. INTRODUCTION

nature, several artificial surfaces have been fabricated to mimic plant leaf surfaces

successfully [26, 27]. The current study aims to find specific wetting scenarios

on native Australian plant leaves and explore the relationships between topog-

raphy and wetting properties, given the occurrence of arid climates in Australia

and plant species. The thesis should contribute to some extent to its unique and

diverse knowledge of wetting and help overcome some challenges listed above.

1.3 Scope of thesis

The current study follows a bio-inspired strategy: revealing structures of par-

ticular plant leaves, building models by simplifying the structures, performing

relevant calculations and analysis, and finally undertaking experimentation with

artificial surfaces.

Firstly, the thesis focuses on surface imaging of selected native Australian

plant leaves using Scanning Electron Microscope (SEM). Corresponding wetting

scenarios for each species, such as high contact angles, strong surface adhesion,

and directional collection are identified using contact angle instruments. The

selected species are divided into different categories for further discussion. Models

are subsequently constructed for calculations that employ critical pressure and

free surface energy strategies. The roles of micro-structures and nano-structure

play in surface wetting are discussed based on theoretical predictions.

Artificial surfaces characterized with microscopic cylindrical posts are fabri-

cated in order to study the influence of micro-structural geometric parameters

on surface wetting. Fluorine-doped diamond-like carbon (F-DLC) coatings are

also prepared to study their wetting and mechanical properties. These artifi-

4



1.4 Summary of chapters

cial surfaces, coupled with bio-surfaces found in nature, provide ideal platforms

for further exploration of fabricated surfaces that are mechanically durable and

contamination free.

1.4 Summary of chapters

Chapter 2 presents a literature review on superhydrophobic research. It begins

with general wetting phenomena, classic wetting principles, and development of

wetting theories. Next, the specific wetting phenomenon of superhydrophobicity

is characterised and various applications are highlighted. Fabrication methods for

artificial superhydrophobic surfaces, with different topographies and roughness,

are also summarized.

Chapter 3 summarizes different types of selected native Australian leaves

based on their specific topographies and corresponding wetting attributes. Models

are introduced and analysed to predict wetting scenarios under different hypo-

thetical conditions. Diatoms are also considered at a theoretical level in relation

to the wetting of their external pores.

Chapter 4 describes the special wetting phenomena of several Australia native

Eucalyptus leaves. Their contact angles and topographical details are obtained

and discussed. Models based on the microscopic level are built to perform surface

energy analysis and critical pressure calculations. The calculated surface energy

and critical pressure are compared between Eucalyptus and lotus leaves.

Chapter 5 details the fabrication, wetting and mechanical attributes of micro-

textured surfaces with square arrays of microscopic cylindrical posts. The influ-

ence of micro-post geometric factors on contact angles and surface adhesion is

5
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discussed.

Chapter 6 and 7 discuss the wetting and mechanical properties of fluorine-

doped diamond-like carbon (F-DLC) coatings.

Chapter 8 gives a brief summary and conclusions on this study. Future re-

search on this topic is also outlined.
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Chapter 2

Literature Review

The natural phenomenon of wetting occurs wherever liquid water makes contact

with a solid surface. Practical procedures are carried out to either facilitate or

prohibit wetting by water in many aspects of the society, from ancient history

to present time. Fundamental principle of wetting can be traced back to the

early 19th century [1]. Nearly in the mid 20th century, two classical models were

introduced to quantitate wetting through surface roughness parameters [2, 3]. It

was not until the 1990’s that the concept of multi-scale surface roughness was

brought into highlight [4]. Ever since, literature in this field has been greatly

nourished by experimentations and calculations based on this critical concept.

Fundamental questions and engineering issues, however, still remain unsolved

and open for further investigation.
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2.1 Surface tension

Wetting is caused and determined by the liquid-solid molecular interaction on

the interface. The green region in Fig. 2.1 depicts the outmost layer of a liquid

phase (such as water) that is contacting another phase above (such as air). Wa-

ter molecules below the interface readily form an optimal number of hydrogen

bonds with neighbouring molecules to achieve a physical equilibrium with a net

force of zero. However, molecules on the interface are under a different physical

environment, due to lack of neighbouring molecules of the same type beyond the

interface. These asymmetric attractive forces result in surface molecules being

pulling into the liquid bulk and therefore there tend to be fewer molecules on the

interface.

Figure 2.1: Water molecules (marked with green) on the liquid-air interface [5].

A force is thus created with a direction parallel to the interface. Surface

tension is defined as this force along a line of unit length, with an SI (International

System of Units) unit of N/m. Water is among the liquids with highest surface

tensions, with a value of 72.8 mN/m at 20 ◦C [6]. Surface tension minimizes the

surface area and causes the membrane-like water “skin” to float tiny subjects,

such as a needle or a paper clip, on the interface. Hydrocarbon solvents or oils
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usually have smaller surface tensions, which render their wetting a surface much

easier than water.

2.2 Solid surfaces

For water molecules in contact with a solid surface, there exist two opposing

forces: adhesive force that causes water to spread out on the solid surface and co-

hesive force that minimizes the contact with the solid surface. Water’s behaviour

greatly depends on whether water molecules are more strongly attracted to each

other than they are to the solid phase. A general case with the presence of the

third phase (gas) is analysed in the same way such that all forces balance on the

interfaces. Based on the extent to which water makes contact, surfaces can be

characterized in a range from non-wetting to wetting. In Fig. 2.2a, water makes

the least contact as possible with the surface and forms spherical droplets. In Fig.

2.2c, water spreads as much as possible on the surface and makes major contact.

These two conditions are termed as hydrophobic (water-hating) and hydrophilic

(water-loving), respectively.

Figure 2.2: Different wetting conditions: (a) minor wetting (hydrophobic), (b)
medium wetting, and (c) major wetting (hydrophilic) [7].

The interaction between water molecules and a solid surface plays a critical
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role in determining the surface’s wettability. Conventionally, solids that water

interacts with can be divided into high-energy and low-energy solids. The chem-

ical bonds that hold high-energy solids together are very strong such as metallic,

covalent and ionic, because it takes a large amount of energy to break them. This

group includes metals, crystals, glasses and ceramics. Since the attractive forces

between water and high-energy solids are much stronger than the hydrogen bonds

formed between inner and outer water molecules, a large contact area is favoured

and major wetting is achieved.

Conversely, the chemical bonds that hold low-energy solids together are usu-

ally very weak such as van der waals force and hydrogen bonds, and it requires

very minor energy to break them. This group mainly includes hydrocarbons and

other organic molecules. Water can achieve minor wetting or non-wetting with

low-energy solid surfaces.

In nature, the epidermal layers of many plant leaves are made of long-chain

hydrocarbons [8]. Therefore, water can rarely achieve major wetting on most

plant leaves, rendering them hydrophobic. Lotus (Nelumbo nucifera) has long

become the symbol of purity in eastern Asian religions. They remain clean even

though when growing in muddy water. Water droplets usually remain spherical

on horizontal lotus leaves (Fig. 2.3a). A slight tilt of the horizontal leaves will

cause droplets to roll off (Fig. 2.3b), taking away dust and dirt [9].

14



2.3 Theoretical background

Figure 2.3: Superhydrophobicity on lotus leaves: (a) Water droplets sit on a
horizontal lotus leaf [10], and (b) Water droplets roll off a tilted lotus leaf [11].

2.3 Theoretical background

2.3.1 Contact angle

Wetting is the intermolecular interaction between a liquid and a solid when they

are brought together and then an interface develops between. The theoretical

description on wetting dates back about 200 years ago. The British genius and

polymath, Thomas Young, presented an epochal essay to the Royal Society in

1804 and published it in 1805. In this article, “An essay on the cohesion of

fluids” [1], Young states, “for each combination of a solid and a fluid, there is an

appropriate angle of contact between the surface of the fluid exposed to the air,

and to the solid.”

Today, contact angle (θ) is termed to describe the water wettability of surfaces

(Fig. 2.4). A high contact angle (90◦ < θ ≤ 180◦) means that wetting is not

favoured and water tends to maintain the least contact possible with the surface

as shown in Fig. 2.2a. A low contact angle (0 ≤ θ < 90◦) usually denotes that

wetting is favoured and water tends to disperse and maintain the largest contact

possible (Fig. 2.2c).
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Figure 2.4: Schematic illumination of a liquid droplet sitting on a solid surface
and the forces applied on the triple line [12].

Based on Young’s description [1], the physical condition of a droplet is deter-

mined by surface tensions acted on the contact line (also referred as triple line),

where the three phases converge. The net force per unit length acting along the

triple line between three phases is equal to zero. Young’s equation is presented

as follows [13]:

γSG = γSL + γLG cos θY (2.1)

where

θY = Young’s contact angle,

γSG = Interfacial tension between the solid and gas,

γSL = Interfacial tension between the solid and liquid,

γLG = Interfacial tension between the liquid and gas.

Large θY values correlate to high hydrophobicity. When γSG > γSL + γLG,

it means complete wetting. On the contrary, when γSL > γSG + γLG, it means

zero wetting. In order to predict wetting, a spreading parameter S is introduced:

S = γSG − (γSL + γLG) = γLG(cos θY − 1).
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2.3.2 The Wenzel model and Cassie-Baxter model

Young’s equation applies to ideally smooth and flat surfaces. However, when it

comes to reality, such ideal surfaces never exist. Factors other than interfacial

tensions, such as roughness and impurity, also affect the wetting properties to

an unexpected extent. Two models have been built based on the hypothetical

wetting regimes (see Fig. 2.5).

Figure 2.5: Sketches of the Wenzel model and Cassie-Baxter model [14].

In the Wenzel state, the liquid fills all the voids below the liquid and thus

develops a large contact area. Wenzel introduced a roughness ratio, r, for a

homogeneous wetting regime, and the Wenzel’s equation is described as follows

[2]:

cos θW = r cos θY (2.2)

where θW is the observed contact angle and θY is the Young’s contact angle as

defined for ideal solid surfaces of the same material. The roughness ratio, r, is

defined as the ratio of the actual area of the solid surface to its projected area

(or the effective area to the geometric area). For a rough surface, r is usually

greater than 1. This formula makes an adjustment for the increase in interfacial

area caused by the presence of a texture or roughness when the liquid contacts a
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surface.

It can be easily deduced that the cosine value of the apparent contact angle

increases as the roughness r increases, and the Young’s contact angle is fixed

for a specific wetting set of liquid and solid surface. For a hydrophilic surface

(0◦ < θY < 90◦, 0 < cos θY < 1), an increase in roughness leads to an increase

of the value of cos θW and a decrease of θW . On the contrary, for a hydrophobic

surface (90◦ < θY < 180◦, −1 < cos θY < 0), an increase in roughness causes a

decrease of the value of cos θW and an increase of θW . That is, an increase in

roughness will enhance either hydrophilic or hydrophobic properties of a surface

accordingly [15]. However, even though there is a possibility that a roughness

with certain values (r > 1/| cos θY |) will bring any surface to complete wetting

(θW = 0◦) or complete dryness (θW = 180◦), this possibility contradicts outcomes

of practical experiments.

In the Cassie state, the droplet, as illustrated in Fig. 2.5, rests upon the

asperities with gas filling all the voids below. The interfacial area is therefore

less than it would be for a droplet of the same volume and apparent contact

angle in the Wenzel state. To compensate the reduction in actual interfacial

area, f , a fraction of solid surface area wetted by the liquid is introduced. The

Cassie-Baxter equation (Cassie’s law) is presented as below [16]:

cos θCB = rff cos θY + f − 1 (2.3)

where θCB is the Cassie-Baxter contact angle, rf is the roughness ratio of the sur-

face area wetted by the liquid and f is the fraction of solid surface area contacting

the liquid on the horizontal plane. When f = 1 and rf = r, the Cassie-Baxter
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equation is simplified to the Wenzel equation. When the interface contains var-

ious fractions of surface roughness, each fraction factor of the total contact area

is denoted by fi. The sum of all fi is equal to unity or 1. The Cassie-Baxter

equation can also be generalized for multiple fractions of surface roughness as [17]

γLV cos θCB =
N∑
n=1

fi(γi,SV − γi,SL) (2.4)

Here γLV is the interfacial tension between the liquid and vapour, γi,SV represents

the solid-vapour surface tension on each component and γi,SL means the solid-

liquid interfacial tension of each component. For a two component system, the

Cassie-Baxter equation is specified as below [17]:

γLV cos θCB = f1(γ1,SV − γ1,SL) + (1− f1)γLV (2.5)

2.3.3 The wetting state transition

The wetting scenario transition between two classical models — Cassie-Baxter

and Wenzel — is worth studying due to its myriad practical applications in en-

gineering. Based on some practical experiments [18], the transition from Cassie-

Baxter to Wenzel can be a one-way process and the opposite phenomenon has

never been witnessed.

The transition is assumed to take place when the contact angle can fulfil

both the Wenzel equation and the Cassie-Baxter equation. By combining these

two equations, the contact angle during the transition is solved: cos θY = (f −

1)/(r − rff), where f = 1 − fLA. Nosonovsky and Bhushan [18] studied how

contact angle changes with roughness of superhydrophobic surfaces by plotting
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these two equations. In the Wenzel wetting regime (Fig. 2.6i), the value of cos θ

decreases with the increasing roughness at a slope less than -1 (because roughness

r > 1). In the Cassie-Baxter wetting regime (Fig. 2.6-ii), the value of cos θ also

decreases with the increasing roughness, but at a slope between -1 and 0 (because

roughness Rf ∼ 1 and 0 6 (1− fLA) < 1).

Figure 2.6: The cosine value of contact angle plotted as a function of roughness
for superhydrophobic surfaces [18].

Increased roughness may facilitate the wetting transition from the Wenzel

scenario to the Cassie-Baxter scenario. However, the opposite transition (from

metastable Cassie state to the Wenzel state, Fig. 2.6-iv) has never been confirmed

experimentally. Nosonovsky and Bhushan [18] explained the unlikeliness by the

high energy barriers during the transition that are caused by destabilization. Fig.

2.6 also indicates the apparent contact angle tends to follow the Wenzel wetting

regime on hydrophobic surfaces with mild roughness and obey the Cassie-Baxter

wetting regime on highly rough hydrophobic surfaces.

The wetting state transition between Cassie-Baxter and Wenzel has been

widely studied under specific conditions. Two types of wetting transition have
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been discussed: 2D character of wetting transition with liquid filling all pores

underneath the droplet, and 1D character of wetting transition with liquid filling

only pores in the vicinity of the triple line [19]. Wetting transition was also ob-

served in experiments when the critical value of force acted on the unit length of

the triple line is reached.

It has been deduced that both the Wenzel and Cassie-Baxter states can co-

exist on hydrophobic surfaces (θY ∼ 100◦) with moderate roughness (rs ∼ 2)

[16, 20, 21]. The method by which a droplet is created also determines the

wetting regime. For example, dispensing a water droplet on a moderately rough

surface can result in the Cassie-Baxter state with air pockets locked in the surface

asperities. However, when the water droplet is produced by steam condensation,

the Wenzel wetting regime is more likely to develop for the droplet [22]. It is

reasoned that gaseous water molecules can penetrate the micro-roughness of the

surface and fill up the cavity with gradual condensation.

The wetting state transition can also be triggered by external factors. When

pressure is applied to a water droplet on the Cassie-Baxter state, a transition to

the Wenzel state can also happen [22, 23]. Even though the transition has been

studied from different approaches and methods, there is still controversy about

which particular mechanism rules the process.

2.3.4 Contact angle hysteresis

The contact angles mentioned above, θY , θW and θCB, deal with macroscale en-

vironments and they are normally called “apparent contact angles”. The actual

contact angles, at which the liquid-air interface meets the solid surface at the
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micro- and nano-scale roughness, can be very different according to Nosonovsky

and Bhushan [24]. Furthermore, recent theoretical studies put the Wenzel equa-

tion and the Cassie-Baxter equation into a thermodynamic framework. When a

liquid wets an ideal surface, classic theory predicts only one single contact angle at

a thermodynamically stable state. However, a wide range of different metastable

states for a wetting system exists in the real world caused by a series of free

energy barriers. Thus, the contact angle of one single wetting system presents as

a range of values.

Consider the case of a sessile drop that is never thermodynamically stable

in an open system, if additional liquid is added (Fig. 2.7a), the contact line

advances. The drop displays an advancing contact angle (θadv) each time the

motion ceases. Accordingly, if some volume is taken away from the drop, the

contact angle exhibits a receding value (θrec) before the contact line retreats.

Alternatively, when a droplet is moving on a tilted solid surface (Fig. 2.7b), the

advancing contact angle (θadv) is defined as the contact angle measured at the

front of the moving droplet and the receding contact angle (θrec) refers to the

back of the droplet. The advancing contact angle (θadv) is usually greater than

the receding contact angle (θrec), because of the surface roughness.

This difference between θadv and θrec is referred to the contact angle hysteresis

(∆θH),

∆θH = θadv − θrec (2.6)

And the value of a contact angle falls between the advancing contact angle (θadv)

and the receding angle (θrec) at different metastable states.

Andrade [26] discussed at least six known sources of contact angle hystere-
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Figure 2.7: Two conditions that advancing and receding angles can be measured
[25]: (a) a liquid droplet in contact with rough surface when the volume is added
or removed, (b) a liquid droplet moving on a tilted surface with a tilt angle α.

sis categorized into two groups: thermodynamic and kinetic hysteresis. Surface

roughness and surface heterogeneity are two sources for thermodynamic hystere-

sis and are the most common practical sources. The Wenzel equation and the

Cassie-Baxter equation actually describe these two factors individually. A con-

clusion can be drawn from a heterogeneous surface: the advancing angle and

the receding angle reflect the characteristics of the low-energy portion and the

high-energy portion of the surface, respectively. Similarly, Bhushan and Jung

[25] considered that contact angle hysteresis is relevant to energy dissipation on

the droplet’s flow path. Kinetic hysteresis is related to time or cycle dependent

changes in the contact angle.

Small contact angle hysteresis leads to very small water roll-off angles. This
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is clearly associated with surfaces bearing self-cleaning abilities such as the lotus

leaves. To correctly characterize a surface, it is very important to measure or

calculate contact angle hysteresis.

Nosonovsky and Bhushan [27] proposed that contact angle hysteresis equals

the sum of the so-called adhesion hysteresis and a term related to the effect of

surface roughness, Hr. They applied eq 2.3 to the advancing and receding angles

and derived the following equation:

cos θadv − cos θrec = Rf (1− fLA)(cos θadv0 − cos θrec0) +Hr (2.7)

θadv0 and θrec0 refer to the advancing and receding angles for a smooth surface.

The first part on the right side of the equation correlates to the contact angle

hysteresis for a smooth surface. Hr is equal to the perimeter of the asperity

per unit area. In an extreme example of very small solid-liquid fraction of the

interfacial area, when the contact angle is large and contact angle hysteresis is

small, the above equation can be modified to [27]:

θadv − θrec = (1− fLA)Rf
cos θa0 − cos θr0
− sin θY

= (
√

1− fLA)Rf
cos θr0 − cos θa0√
2(Rf cos θ0 + 1)

(2.8)

fLA is equal to zero for a homogeneous interface (the Wenzel wetting regime).

For a composite interface, it is non-zero and a small value of fLA will lead to a

small contact angle hysteresis, which is favoured for self-cleaning properties.
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2.4 Mechanisms of superhydrophobic wetting

A surface is entitled as superhydrophobic (exchangeable with ultrahydrophobic,

self-cleaning, super water repellent) when it is characterized by a high water

contact angle (> 150◦) and a small contact angle hysteresis. Recent investigations

on natural superhydrophobic plant leaves, such as the lotus leaf, have shown that

these leaves have hierarchical surface structures (Fig. 2.8). These epidemic waxy

surfaces consist of micro-bumps of epidermal cells and nano-bumps of epicuticular

wax.

Figure 2.8: SEM micrographs show that Lotus leaf surface is composed of micro-
scale papillose epidermal cells and nano-scale epicuticular wax tubules [28].

It becomes a consensus that hierarchical structure is of critical importance

for superhydrophobicity. However, mechanisms for hierarchical structures re-

main unexplained thoroughly, resulting from the complexity of diverse surface

topographies and possible wetting scenarios.

Nosonovsky and Bhushan [29] suggested the deciphering of wetting as a multi-

scale process. A set of gradual scale lengths presented on a hierarchical sur-

face, based on their suggestion, are associated with different physical mecha-

nisms which act simultaneously and cooperatively at corresponding characteristic

scales. They prompted experiments to be carried out to test the involvement of
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self-organized criticality, which is relevant to a critical point when the difference

between two phases disappears.

Fürstner et al. [30] stated that fabricated surfaces with one scale of roughness

can work very well for large “artificial rain” droplets, but they cannot work for

small “artificial fog” droplets. Thus, the hierarchical length system should possess

the ability to repel droplets at a range of sizes. Gao and McCarthy [31] has showed

that two reasons — kinetics of droplet movement and thermodynamics of wetting

— make two length scales important for superhydrophobicity. The dual length

scales lower the transition energy barriers between metastable states and change

the kinetics of contact line recession. They emphasized that the activation energy

for the process of receding is greater than that for the process of advancing for

a droplet on a solid surface. At the same time, very different physics, such as

Laplace pressure and drag reduction slip, is involved about the thermodynamics.

2.5 Superhydrophobicity in nature

Superhydrophobic examples can be widely found in nature. After investigated

hundreds of plant species, Neinhuis and Barthlott [32] concluded that plants with

superhydrophobic leaves can be found in any habitat and herbs in disturbed area

and wetlands dominate this category. Common plants in this category include

lotus, Indian cress, lady’s mantle, tulipa, iris, drosera and eucalyptus etc [32, 33].

Generally, most birds have superhydrophobic feather to keep them dry and

warm. Insects such as butterflies and cicadae grow superhydrophobic wings for

the similar reasons [34, 35]. Micro-scale setae on non-wetting legs of a water

strider enable them to walk on water surface [36]. In the Namibia Desert, Steno-
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cara and Lepidochora beetles harvest water from mist and fog to provide living

water by different means [37].

2.5.1 Structure of cuticle

The thin extracellular membrane on plant leaves is called cuticle. Cuticle protects

plant leaves from environmental influence. Both major constituents of the cuticle

— the insoluble long-chain polymer called cutin and soluble floral grease called

wax — are hydrophobic [38]. Fig. 2.9 shows a generalized cuticle structure with

an outer layer “cuticle proper” (usually < 200 nm) and a thick inner “cuticle

layer” (up to 17 µm). The thin cuticle proper acts as the primary protective

layer and the cuticle layer has a net-like appearance resulting from the growth of

the epidermal cells.

Figure 2.9: Hypothetical sketch of plant leaf cuticle and its constituents [39].

Thin as a few hundred nanometres, cuticle presents at least but not last
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the following functions: (1) repel water to keep away pathogenic [40, 41], (2)

wash away dust to avoid contamination [41], (3) reduce water erosion and other

mechanic erosion [42], (4) regulate radiation budget and adjust temperature in-

directly [43, 44], and (5) protect from grazing insects [45–47].

2.5.2 Lotus effect vs. petal effect

Since early 1970s, soon after the scanning electron microscope (SEM) became

commercially available, scientists [4, 32, 48] began to investigate tens of thou-

sands of plant surfaces in taxonomic and functional aspects using this new imag-

ing technique. Among them, German biologist Barthlott and Neinhuis concen-

trated on the water-repellent, anti-adhesive and self-cleaning properties of leaf

surfaces [4, 32]. They displayed that leaf surfaces of water-repellent plants are

characterized by rough papillose epidermal cells (Fig. 2.8). They concluded that

epicuticular wax and its roughness play a vital role in controlling relevant func-

tions.

Later on, a surprising discovery was found about the way water reacts to

dust when moving on different surfaces (Fig. 2.10). On normal surfaces, a water

droplet slides across and leaves dirt particles sticking to the surface. On lotus-like

superhydrophobic surfaces, a water droplet rolls across, picks up dirt and takes

it away on the flow.

The term “lotus effect” was thus coined by Barthlott and Neinhuis for charac-

terizing high contact angles and small roll-off angles and excellent anti-adhesive

abilities. An important reason for plant leaves to have self-cleaning function is

that it keeps water away. Pathogenic germs and organisms readily germinate
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Figure 2.10: A water droplet is moving on: (a) a typical surface, (b) a superhy-
drophobic surface (Picture is cropped from the original [9]).

and multiple on plant leaves with the presence of water. By removing dust from

leaves, plants can also prevent contamination and damage.

Lotus effect is characterized by high static contact angles, low roll-off angles

and self-cleaning properties. Water droplets also keep a spherical shape and high

contact angles on some rose petals. In contrast, water droplets won’t detach even

when the rose petal is reversed (see Fig. 2.11). The very high roll-off angles

indicate a high adhesive force between the petal and water. Feng and co-workers

[49] defined this phenomenon as the “petal effect” as compared to the famous

“lotus effect”. They found that the rose petal surface is composed of periodic

array of micropapillae with an average diameter of 16 µm and height of 7 µm.

On each micropapillae there are cuticular folds with a width of around 730 nm.

These rose petals exhibit superhydrophobicity with a contact angle of 152.4◦.

Both micro- and nano-structures of rose petals are larger than these of lotus

leaves as shown as Fig. 2.12. Macroscopically, rose petal surface follows the Wen-

zel wetting regime on the micro-structure level and the Cassie-Baxter regime on

the nano-structure level (or described by Feng et al. [49] as “Cassie impregnating
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Figure 2.11: Wetting on rose petals: (a,b) SEM images of a rose petal surface in
different scales, (c,d) a water droplet stays on a red rose petal [49].

wetting state”). Lotus petal surface follows the Cassie-Baxter regime both on the

micro- and nano-structures. Thus water enters the grooves of rose petals but not

the nano-scale cuticular folds. The large contact area of water with rose petals

leads to great adhesive forces which enable water to cling to the petals even when

they are turned upside down.

Interestingly, Bhushan and Her [50] found two kinds of rose petals presenting

lotus effect and petal effect respectively. By using AFM, they found that the

rose petal with low adhesion (lotus effect)has a higher bump density and a lower

peak-to-base height of microstructures compared with that with high adhesion

(petal effect).
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2.5 Superhydrophobicity in nature

Figure 2.12: Sketch of water-liquid interfacical contact on petal and lotus leaf
[49].

2.5.3 Eucalyptus in Australia

Eucalyptus is a dominant species in Australia. The question why Eucalyptus has

adapted so well to Australia’s various stern climates has usually triggered more

and more research about this group. Hallam and Chambers [51] undertook an

investigation of 315 species of the genus Eucalyptus about the patterns of leaf

wax structure to assist the taxonomical categorization. They revealed that for

Eucalyptus leaves there are mainly three wax types: plates, tubes, and a mixture

of both. Major chemical components of many Eucalyptus epicuticular waxes

include long-chain alkyl β-diketones and alkyl primary alcohols [52]. Generally,

tubular wax is consisted of alkyl β-diketones and plate wax is made of alkyl

primary alcohols [51, 52].

Edwards’s work [46] demonstrated that the wax layer on some kinds of Eu-

calyptus keeps the juvenile leaves away from tortoise beetles’ feeding. With the

presence of the wax layer, an adult beetle cannot land on the juvenile leaves
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easily, since the beetle’s claws penetrate the cuticlar structure and no contact

area is formed between the adhesive setae and the leaf. Brennan and Weinbaum

[53, 54] obtained the similar results after studied the adherence of psyllids to both

glaucous young and glossy mature leaves of Eucalyptus globulus.

2.6 Applications of superhydrophobic surfaces

Principles of superhydrophobicity and superhydrophilicity can be applied wher-

ever an interface develops between a liquid and a solid. To decrease the liquid-

solid interface area, superhydrophobicity is favoured to aim high contact angle

and the Cassie composite non-wetting regime. To increase liquid-solid interface

area, superhydrophilicity is favoured to aim low contact angle and the Wenzel

wetting regime.

• Self-cleaning, non-wetting, non-icing and non-sticking Plants with

self-cleaning properties, such as Lotus and India Cress, have been stud-

ied extensively in order to fully understand their mechanisms and apply

similar principles into daily lives. In 1999, a Lotus-Effectr facade paint

was launched to focus on removing dust by droplets rolling off the build-

ing external surface without wetting it. Containers coated with a special

nano-particle powder (Aeroxide LEr) for multi-purpose applications can be

evacuated without any residues.

• Anti-corrosion and anti-fouling Liu and co-workers [55] treated copper

substrates with n-tetradecanoic acid to form a stable flower-like superhy-

drophobic film, which induced a high contact angle of 158◦ and improved
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the corrosion resistance of copper significantly. Scardino et al. [56] found

that coating roughness, air incursion efficiency and air retaining capacity

contribute to the anti-fouling function.

• Reduction of drag Truesdell et al. [57] tested shear flow on a grooved

texture with a superhydrophobic coating. The reduction of effective fluid-

surface contact area promoted less drag force and favourable slip condition

changes.

McHale et al. [58] illustrated the drag reducing effects of flow on superhy-

drophobic interfaces (Fig. 2.13). When a Newtonian liquid flows along a

circular channel enclosed by a solid wall, there is a parabolic distribution of

the velocity on the cross-section with a maximum value in the centre (Fig.

2.13a). When the upper half of the solid interface is replaced by air, the

velocity reaches the maximum on the liquid-air interface due to the conti-

nuity of the shear stress from the centre to the interface (Fig. 2.13b). In

the case of a superhydrophobic solid tube, a thin film of air can be expected

to exist between the liquid flow and solid wall. The velocity of liquid flow

should follow a balanced distribution due to the significantly reduced drag

friction (Fig. 2.13c).

• Microfluidic devices On the micro- and nano-meter level, liquid exhibits

surprisingly particular wetting properties and flow behaviours, due to a

large surface-to-volume ratio. A capillary length, kc, is defined as follows

when considering a liquid drop placed in gas [33]:

kc =

√
γLG
ρg

(2.9)

33



2. LITERATURE REVIEW

Figure 2.13: Schematic illustration of velocity distribution on the cross-section of
a laminar flow in [58]: (a) a normal solid tube with high drag friction on the inter-
face, (b) a normal tube with upper half replaced by air, and (c) a superhydrophobic
tube with liquid-air interface built up to reduce drag friction.

Where γLG is the surface tension at the liquid-gas interface, ρ is the liquid

density and g is the gravitational acceleration constant. For a liquid droplet

with a size less than capillary length, its gravity is relatively insignificant

and can be ignored when predicting the liquid droplet shape at the equi-

librium state. Water’s capillary length at ambient temperatures is ∼ 2.7

mm.

Vorobyev and Guo [59] produced parallel microgrooves with depths of round

30 µm on glass surface using amplified Ti:sapphire laser system. A super-

wicking phenomenon was observed when distilled water droplets of 16 µL

were dispersed on the laser-patterned surface: water wetted the surface

along the orientation of microgrooves even when the glass surface was set

up vertically (in which water flowed upwards on glass).

By coating the channel walls with responsive polymers, Ionov et al. [60]

developed smart microfluidic channels that can switch the wettability of

channel walls between hydrophobic and hydrophilic. They used this device

to separate a mixture of water and toluene.

• Water collection

34



2.7 Biomimetic surface development

The Namibia desert Stenocara beetle is a perfect example in nature of water

collection. Cohen et al. [61] designed a combination of superhydrophilic

patterns on superhydrophobic surfaces to mimic the beetles back. Spider

silk web is another distinct example that harvests water in the morning

fog and transport it directionally [62]. Water collection efficiency could be

manipulated by adjusting the superhydrophobic/hydrophilic pattern on the

surfaces and their ratio on the pattern areas.

2.7 Biomimetic surface development

As presented above, it is distinct that micro- and nano-structures on plant sur-

faces, including cellular protrusions, cuticular foldings and wax platelets, reduce

the contact area dramatically between water and the plant leaf surface by the

combination of hydrophobic chemistry and multi-scale roughness. Finally, the

formation of an enlarged water/air interface leads to a composite wetting regime

with air pockets trapped among the epicuticular wax asperities.

Based on the principles learned from nature, various techniques have been

exploited for superhydrophobic surface fabrication and coatings by combining hy-

drophobic chemistry and geometric effects. Research in this field has been growing

since the middle 1990s, when more and more applications of nano-structure sur-

faces have been revealed. In general, techniques employed for delicate construc-

tion, such as lithography, etching, dipping and self-assembly, can been trans-

formed to fabricate superhydrophobic surfaces. Bhushan and Jung [25] have

summarized these fabrication techniques and listed them in Fig. 2.14. The ad-

vantages and disadvantages of these fabrication techniques are listed by Bhushan
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and Jung [25] shown in Table 2.1.

Figure 2.14: Various fabrication techniques for creating micro/nanostructures
[25] .

Table 2.1: Pros and cons of different fabrication techniques [25].

Techniques Pros Cons
Lithography Accuracy, large area Slow process, high cost
Etching Fast chemical contamination, less control
Deposition Flexibility, cheap Can be high temperature, less control
Self-assembly Flexibility, cheap Require suitable precursor

A prerequisite for putting such surfaces to work in optics and glass is trans-

parency, which necessitates the surface roughness scale smaller than the wave-

length of visible light (400-700 nm).

Two key components for building a superhydrophobic surface are roughness

and hydrophobicity. According to the process to render these surfaces super-

hydrophobic, Kim [33] categorized the fabrication approaches into three groups:

1) roughing hydrophobic materials, 2) making rough structures followed by hy-
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drophobic treatments, 3) depositing hydrophobic materials with rough textures.

2.7.1 Roughening hydrophobic materials

Flat poly(tetrafluoroethylene) (PTFE) surfaces usually have a water contact an-

gle of 115-120◦. After treatment with plasma etching, the widely used method

for fluorinated polymers, water contact angles on these surfaces can be increased

to 170◦ [63]. PTFE surfaces can also be simply stretched to double their original

length to create additional micro roughness.

Poly(dimethylsiloxane) (PDMS) is another hydrophobic polymer that can be

easily treated with laser abrasion to created micro- and nano-structures which

ensure large contact angles and small roll-off angles. After processed as an

oligomeric liquid form, PDMS can be cured into a solid to duplicate surface tex-

tures. Lotus leaf like PDMS surface has been fabricated by this process [64]. Sim-

ilarly, hydrophobic hydrocarbon polymers, such as paraffin [65] and wax crystals

[8, 28, 66] can also be processed by plasma etching to impart superhydrophobic

properties on surface.

2.7.2 Hydrophobic treatments of roughened surfaces

Theoretically, delicate roughing can render any surfaces superhydrophobic. More

widely, material surfaces are roughened first and followed by hydrophobic treat-

ments. Roughness can be created on polycrystalline metal surfaces by chemical

etching [67, 68], on polymer surfaces and glass by plasma process [69], on silicon

surfaces by high power pulsed laser [69]. Qian and Shen [67] carried out sim-

ple chemical etching by immersing polycrystalline metals in a Becks dislocation

37



2. LITERATURE REVIEW

etchant at room temperature and subsequently hydrophobized the etched surface

with a fluoroalkylsilane solution in methanol. The use of a Becks dislocation

etchant ensured the preferential dissolving of the dislocation sites on the surface

which led to surface roughness.

Techniques used widely in semiconductor process, photo-lithography and elec-

tron beam lithography, have been applied to periodic micro-patterning with ac-

curate control of dimensions and shapes [30].

Nanosphere lithography has also been developed for nano-patterning by de-

positing mono-dispersed polystyrene or silica nanoparticles in a lattice array [70].

Various nanowires and nanotubes have been synthesized or dispersed vertically

on smooth surfaces by chemical vapour deposition. A second chemical vapour

deposition makes these surfaces remarkably superhydrophobic [71].

Another popular method is lay-by-layer thin film deposition. Charged poly-

electrolytes or nanoparticles are deposited on the surface according to electrostatic

interactions and hydrogen bonding. The film thickness and roughness can be

precisely manipulated by varying particle size and deposition conditions. These

films are thereafter fluorinated on the outmost layer to achieve superhydropho-

bicity [72, 73]. Metals and conductive polymers can be deposited lay-by-layer in

an electrochemical process.

Sol-gel process is a widely used method to create porous rough surface by

including a secondary component in the process and removing it with hot water

or sublimation. Hydrophobic treatments include fluorinated silane coating [74].
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2.7.3 Depositing hydrophobic materials with rough to-

pography

Creating both roughness and low surface energy surface in one single step is desir-

able and efficient. In a sol-gel phase-separation process [75], hydrophobicity has

been achieved on the organo-functionlized inorganic precursors when the condi-

tions are carefully adjusted. Electrospinning, a popular technique used to make

ultra-thin polymer fibre, can work with hydrophobic polymers and produce su-

perhydrophobic fibre mats on the collector [76]. Plasma polymerization has been

applied on fluorinated carbon films with certain roughness to induce multi-scale

structures that leads to superhydrophobicity [77].
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Chapter 3

Water Repellency of Selected

Australian Native Leaves and

Diatoms

3.1 Introduction

Water repellency is found widely on plants in habitats ranging from tropical to

arid and in live forms from herbaceous to ligneous [1]. The different water repel-

lent behaviours on the leaves of various plants, such as lotus (Nelumbo nucifera),

Indian Cress (Tropaeolum majus) and Lady’s Mantle (Alchemilla vulgaris), can

be related to survival strategies for specific environments and ecosystems.

Generally, hydrophobicity is essential for plant leaves to avoid pathogenic

organisms, dust contamination and stomata blockage. Strong hydrophobicity

is usually found on water plants, for which there is excessive water. Moderate

hydrophobicity is observed on plants in arid or semi-arid environments. Different
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degrees of hydrophobicity, for example, the lotus effect [1] and the petal effect

[2], relate to applications in self-cleaning [3] and micro-volume liquid transfer

[4]. Given that millions of floral species developed certain types of wettability

over billions years of evolution [5], it might be worthwhile to investigate leaf

surface structures, which can bio-inspire the design and fabrication of artificial

hydrophobic surfaces for different applications.

As single celled organisms floating in the ocean, diatoms cause tedious prob-

lems for marine vessels due to biofilm formation on the hulk. Adhesion strength

of diatoms is generally associated with surface wettability. Diatom cells usually

adhere firmer to hydrophobic surfaces than to hydrophilic surfaces. Understand-

ing the wettability of diatoms could assist the development of marine antifouling

coatings.

In this chapter, a few native Australian species were selected to assess their

surface structures and leaf hydrophobicity. Different morphologies were divided

to categories and their possible mechanisms of hydrophobicity were discussed.

Furthermore, special wetting properties, such as directional hydrophobicity, were

investigated. A model was constructed based on the geometry of diatoms and a

surface free energy analysis was carried out on the model to study the hydropho-

bicity of diatoms.
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3.2 Experimental procedure

3.2.1 Sample collection and preparation

Fresh leaves of 26 native Australian plant species were collected from actively

growing specimens in the nursery at the State botanic garden, Kings Park in

Perth, Western Australia. Table 3.1 lists the species studied and their epidermal

relief.

Squares of 100 mm2 were carefully excised from the abaxial side of these

leaves for optical observation and contact angle measurements. Smaller squares

of 4 mm2 cut from these leaves were freeze-dried prior to SEM examination using

an Emitech K775X Turbo Freeze Dryer (Quorum Technologies Ltd, Kent, UK).

The following time-temperature path was adopted: holding at -120 ◦C for the

first 5 min, then gradually rising to -65 ◦C over a period of 14 hrs and finally

increasing to room temperature over 10 hrs.

3.2.2 Instrumentation

Contact angle measurements were performed at ambient temperatures using an

FTA1000 Drop Shape Analysis instrument (B Frame System, First Ten Angstroms,

Virginia, USA) equipped with an automated dispensing syringe and a computer-

controlled tilt stage. To ensure an even surface for water dispersal, leaf samples

were fixed on the stage by double-sided adhesive tape before the application of

5 µL water droplets. The average water contact angle (n = 5) was obtained by

analysing the sessile drop images using Drop Shape Analysis software affiliated

with the goniometer. In order to measure roll-off angles, the stage tilt angle was
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Table 3.1: Selected native Australian plant species for hydrophobic investigation.

Sample No. Species Epidermis description
S#1 Scaevola globosa Hairy (medium)
S#2 Anthotroche pannosa Hairy (medium)
S#3 Lachnostachys verbascifolia Hairy
S#4 Dicrastylis fulva Hairy (medium)
S#5 -a (sample lost)
S#6 Keraudrenia velutina ssp. velutina Convex
S#7 Pimelea sylvestris Papillose
S#8 Eucalyptus woodwardii Papillose (glaucous)
S#9 Eucalyptus pruinosa Papillose (glaucous)
S#10 Melaleuca globifera Smooth
S#11 Corymbia confertiflora Convex
S#12 -a Smooth (sample lost)
S#13 Cyanostegia angustifolia Papillose
S#14 Cycas pruinosa Convex (glaucous)
S#15 Conostylis robusta Convex
S#16 Thomasia macrocarpa Hairy (minor)
S#17 Banksia petiolaris Hairy (back)
S#18 Eucalyptus pachyphyllaa Smooth
S#19 Eucalyptus species Papillose
S#20 Eucalyptus dolorosa Convex
S#21 Eucalyptus eudesmioides Convex (glaucous)
S#22 Eucalyptus eudesmioides (duplicate sample)
S#23 Eucalyptus oxymitra Convex
S#24 Eremophila hillii Hairy (minor)
S#25 Eucalyptus lane - poolei Convex
S#26 Eucalyptus gomphocephala Convex
aSample was lost during preparation and only partial data was obtained.

gradually increased at a speed of 1 deg/sec from 0◦ until the point where the

water droplet began to move along the stage.

Optical images were obtained using a Moticam 2300 digital camera (Motic

Instruments Inc., B.C., Canada).

For Scanning Electron Microscopy (SEM) analysis, specimens were mounted

54



3.2 Experimental procedure

Figure 3.1: An FTA1000 Drop Shape Analysis instrument (system control and
data analysis on a desktop not shown).

on aluminium stubs with carbon tabs prior to being sputter-coated with 10 nm

carbon and 3 nm platinum. SEM imaging was conducted at 10 kV accelerat-

ing voltage and a working distance of 10 mm using a field-emission SEM (Zeiss

VP1555, Oberkochen, Germany). Other operating parameters were: aperture

size = 30.00 µm, signal = SE2, gun vacuum = 1.30×10−10 Torr. Ten measure-

ments of surface features were performed on each SEM image, from which the

average and standard deviation values were derived.
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3.3 Results and discussion

Various wetting conditions were observed on the study species. Water tends to

spread out on some plant leaf surfaces, such as S#10, S#12, S#14, S#17, and

S#18, and forms contact angles in the range 30◦–85◦. As shown in Fig. 3.2a,

these hydrophilic leaves tend to have a glossy and smooth surface. For the other

species, however, water droplets form spherical shapes with contact angles in the

range 110◦–140◦ (Fig. 3.2b) and usually 5 µL droplets stick firmly to the leaf

surface when it is tilted gradually from 0◦ to 180◦.

Figure 3.2: Typical hydrophilic and hydrophobic native Australian plant leaves:
(a) S#12 and (b) S#25.

Based on the leaf surface topographies, the selected species were categorized

into four groups (see Fig. 3.3): (a) hairy, (b) palm-tree-like, (c) papillae and (d)

micro-ridge. Hairy leaves have a thick layer of hairs, of different morphologies,

covering both the adaxial and abaxial leaf surfaces. Species S#1, S#2, S#3,

S#4, S#5, and S#17 belong to this group. A palm-tree-like surface morphology,

which is characterized by many micro-structures on the leaf surface with the

shape of a palm tree, is found on species S#6, S#16 and S#24. Micropapillae

cells are found on the surface of most of the Eucalyptus species studied. This
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group include species S#7, S#8, S#9, S#11, S#18, S#19, S#20, S#21, S#22,

S#23, S#25 and S#26. The last group, with micro-ridge topography is found on

species S#15. While the Eucalyptus group that will be presented in a separate

chapter, the surface morphology and wettability of other groups are individually

discussed in this chapter.

Figure 3.3: A schematic illustration of four categories of native leaves in this
study (side view): (a) hairy, (b) palm-tree-like, (c) papillae, and (d) micro-ridge.
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3.3.1 Hairy leaves

Hairy leaves have thick, fuzzy hairs covering the whole cuticle and therefore a

physical protection layer is formed between the cuticle and the external environ-

ment (See Fig. 3.4).

Figure 3.4: Water droplets on three hairy native Australian leaves: (a) S#1, (b)
S#3, and (c) S#5.

In Table 3.2, water contact angle (WCA) values of less than 90◦ were observed

on S#2. WCA values of greater than 115◦ were obtained on the three other

species. Given the arid and dry environments in many parts of Australia, these

leaves present surprisingly strong hydrophobicity. Additionally, water droplets of

5 µL stuck firmly to the leaf surfaces when the leaves were inverted. No droplet

was observed to roll off in the leaf surface tilting experiments.

Table 3.2: WCA values of study hairy species (n=5).

Sample No. Species WCA (◦)
S#1 Scaevola globosa 130.2± 1.8
S#2 Anthotroche pannosa 84.3± 2.3
S#3 Lachnostachys verbascifolia 115.7± 1.6
S#4 Dicrastylis fulva 121.0± 2.5
S#17 Banksia petiolaris 140.9± 1.9
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The SEM images of three study species are shown in Fig. 3.5. Different

topographies, including upright brushes, upstanding tree-like hairs and entangled

fibre-like hairs, are evident on these leaf surfaces. Compared to the thickness

of leaves that is determined as the distance between the cuticle layers on the

front and back of the leaves, the hairs have lengths of at least three-fold greater

magnitude. Micro-bumps of nearly 1 µm across were observed on some individual

hairs of all three species in Fig. 3.5. The density projecting from the cuticle layers

varies from one to another. The thick layer of hairs on the cuticle is believed to

function as a mediator of moisture, radiation and air circulation.

These hairy leaves have entirely different morphologies to the well-established,

multi-scale roughness of lotus [3] and may repel water with individual strategies.

Researchers have identified contact angles below 60◦ along Lady’s Mantle hairs,

which indicates their hydrophilic properties [6]. A bundle of hairs lifted a water

droplet deposited on the cuticula thus keeping that surface dry [6].

In the current study, when water comes into contact with upright hairs on

the leaves, hairs are pulled together due to water surface energy. Therefore, they

tend to narrow their distance and join together on the upper end. A bundle of

neighbouring hairs thus stick into the water-air interface (Fig. 3.6a). Species

S#1 is very likely to adopt this mechanism, as its hairs are relatively flexible.

The elasticity of hairs becomes critical for hydrophobicity, since most hairs

have to bend in the process and the water-air interface moves towards the cuticula

(substrate). The bending of the hairs leads to a repulsion interaction between

the water-air interface and the cuticula. The elastic energy formed during the
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Figure 3.5: Top (1) and cross-section (2) views of three hairy native Australian
leaves: (a) S#1, (b) S#2, and (c) S#17.

bending procedure can be expressed as [6]

Γ ∝
√
Kh−1/2 (3.1)
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Figure 3.6: Possible hydrophobic mechanisms on hairy leaves: (a) elastic bundling
[6], (b) pyramid bundling [7], and (c) layers of hair grids.

where Γ is the elastic energy contribution, K represents the elastic modulus and

h is distance between the water-air interface and the cuticle.

In contrast to S#1, species S#2, S#3 and S#4 (Fig. 3.5b) have leaf hairs
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arranged in a tree-like shape. Their relatively large hair diameter and spreading

“twigs” limit flexibility and crossing over at the hair ends. A micro-pyramid

formed after bundling, that is, several hairs move towards a central hair during

the contact with water [7]. The sharpness of the micro-pyramid, described as β

(the tilt angle of the nearest hair off the vertical direction) in Fig. 3.6b, can be

expressed by the hair pitch value L, the hair diameter d, and the rod height h as

follows [7]

h sin β +
1

2
d cos β = L− 1

2
d (3.2)

The β solution of this equation indicates that the sharpness of the micro-

pyramid increases monotonically with L but decreases with increasing values for

d and h. As shown in Fig. 3.5b, the hair pitch value L approximates the leaf

thickness (∼ 200µm) and is greater than the hair diameter d. Therefore sharp

micro-pyramids with large β values are likely to form at wetting.

The thick hairs on the leaf surface of species S#17, which does not contain

upright hairs, is suspected to repel water with a different method. The hairs

growing parallel to the cuticle surface form many layers of grids, which can be

analogized to that of fabrics. The rough surface asperities, formed among these

grids help prevent water from entering this hair matrix and thus from wetting

the cuticula. The fibre-like morphology of specimen S#17 has a surprisingly high

WCA of 140.9± 1.9◦, probably because of the close packing of both the hairs in

the same layer and the multiple layers above the cuticula.

The apparent contact angle of water on arrays of cylinders, θD, can be de-

scribed as [8]

cosθD = f1 cos θA − f2 (3.3)
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with

f1 = [πr/(r + d)](1− θA/180◦) (3.4)

and

f2 = 1− r sin θA/(r + d) (3.5)

where θA is the advancing contact angle, f1 and f2 are the fractions of solid-liquid

and liquid-air contact area in the plane parallel to the substrate, respectively, r is

the radius of the hair cylinder and d is half of the edge-to-edge distance between

two neighbouring cylinders. The apparent contact angle θD increases with the

value of (r + d)/r.

3.3.2 Palm-tree-like hairs

Palm-tree-like morphology (Fig. 3.7) was found on the leaves of three species

(Table 3.3). Compared to tree-like hairs in the hairy category, the hairs of this

group are smaller, less dense and each has a palm tree shape. The cuticula for

these three species can be seen through the surface hairs.

WCA values greater than 130◦ were obtained on this type of leaf. Microscopic

images show different densities of the surface micro-structures. Specimen S#6

has the largest density, with overlapping of branches covering above the cuticle,

which leads to the highest WCA among these three leaves (Fig. 3.7a). Specimen

S#16 has the lowest density, with each micro-structure being identified easily

(Fig. 3.7b) and S#24 is intermediate (Fig. 3.7c).

SEM images of species S#6 and S#16 are shown in Fig. 3.8. The cross-section

view shows these hairs have a short but thick trunk, the height and diameter of

which are both less than 50 µm. Hairs greater than 300 µm are stretch from the
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Figure 3.7: Water droplets (1) and optical top views (2) of three hairy native
Australian leaves: (a) S#6, (b) S#16, and (c) S#24. Scale bars in droplet images
in series (1) = 1 mm.

trunk to all directions. When water comes into contact with the leaf, it initially

touches the tips of long hairs. Bundling of upper hairs is speculated to occur,

and an elastic repellent layer is formed, similar to that depicted in Fig. 3.6a. If

water does move along the hairs and it is likely to rest on the top of the trunks.
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Table 3.3: WCA values of study species with palm-tree-like surface morphology.

Sample No. Species WCA (◦)
S#6 Keraudrenia velutina ssp. velutina 138.6± 4.3
S#16 Thomasia macrocarpa 133.9± 2.7
S#24 Eremophila hillii 137.5± 3.2

Figure 3.8: SEM images from top perspective: (a) S#6 (with cross-section view
in inset) and (b) S#16.

Compared to Salvinia, a floating water fern that has hairs of a special egg-

beater shape with hydrophilic tips [9], water pinning on the palm-tree-like hairs

possibly occurs at the place where upper hairs are joined after bending. The

palm-tree like hairs are likely to be hydrophobic, given the relatively large spac-

ing between the upper hairs. Two potential mechanisms may keep the air-water

interface away from the cuticula: (a) bent upper hairs create elastic forces to act

against further water penetration into the region between the hairs; and (b) wa-

ter penetration results in a further contact area between water and hydrophobic

hairs, in which extra activation energy is required.
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Figure 3.9: Proposed hydrophobic mechanisms on leaves: (a) pinning on hy-
drophilic tips of Salvinia hydrophobic hairs of an eggbeater shape [9] and (b)
palm-tree-like hairs on S#6, S#6 and S#24.

3.3.3 Micro-ridge topography

The hydrophobic properties of the leaves of a native plant, Conostylis robusta

(S#15), were also investigated. This grass-like perennial has a rhizomatous root

system in sandy regions, while its flat leaves grow upright and are mechanically

robust with distinct parallel micro-ridges stretching along the entire narrow leaf

(Fig. 3.10).

Water forms a spherical droplet, on this species’ leaf surface, which has a WCA

value greater than 90◦. The orientation of the micro-ridges has made wetting

different on directions parallel or perpendicular to the micro-ridges (Fig. 3.11).
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Figure 3.10: Live form of Conostylis robusta (S#15).

Firstly, different contact angles were obtained for these two directions: 125.7◦ for

the perpendicular direction and 113.3◦ for the parallel direction. This distinct

difference in WCA values indicates the leaf surface is more hydrophobic along the

micro-ridges than in the perpendicular direction. Secondly, water droplets rolled

off along the micro-ridges direction when the leaf was tilted to 23.5 ± 5◦. The

roll-off did not occur along the direction perpendicular to the micro-ridges even

when the leaf was tilted to 90◦. In nature, the leaves grow upright with a tilt

angle of nearly 90◦ from the horizon, so rain or dew droplets of a few microlitres

will immediately roll along the micro-ridges towards the root and in this way

water is collected in sandy area for the root.

The SEM images of this leaf are shown in Fig. 3.12. The strips that clearly

present on the leaf surface have an isosceles trapezoid shape when viewing from

the cross-section perspective, with lengths of approximately 150 µm and 300 µm
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Figure 3.11: A water droplet on a Conostylis robusta leaf: (a) directions parallel
and perpendicular to the micro-ridges, (b) with a contact angle of 125.7◦ measured
from the direction perpendicular to the micro-ridges, (c) with a contact angle of
113.3◦ measured from the direction parallel to the micro-ridges.

for the top and bottom sides. The top sides of the strips are smooth with nano-

scale grooves craved along the strips. Connecting the bottom sides of neighbour-

ing bulging strips are the micro-ridges in the macroscopic scale. The topography

of the micro-ridges is made of two components: randomly distributed micro-

bumps and intermittent strips, which are both covered by thick plate wax.

3.3.4 Modelling of diatoms

Marine vessels and underwater structures are constantly subjected to severe at-

tack through a process termed biofouling. When a surface is exposed to the
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Figure 3.12: SEM images of a Conoatylia robusta leaf at different magnifications.

marine environment, microorganisms, such as bacteria and diatoms, begin to

colonize the surface within hours and generate a complex biofilm incorporat-

ing an extracellular polymeric substance (EPS) matrix [10]. The formation of

microfouling slimes, specifically on the ship hulls, can significantly increase the

hydrodynamic drag and energy consumption, as well as reducing vessel’s maneu-

verability [11]. Understanding the different stages of biofouling, including the

initial adhesion and attachment, becomes critical in minimising its impact.

As dominating constituents in the biofouling slimes, diatoms are a diverse

and abundant group of brown pigmented unicellular algae enclosed in a silica

wall [12, 13]. They range in size from a few to several hundred microns. The

highly complex SiO2 structure of diatoms exhibits high porosity and a relatively
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large surface area [14]. Diatoms can attach to a substratum (benthic diatoms)

through adhesives or float freely in the water. The mucilaginous diatom EPS,

which is predominantly composed of polysaccharides, mediates both attachment

and motility, and enables diatoms to glide across surfaces. In some cases, the

EPS can be transformed into attachment pads, tubes or even stalks [15].

Unlike many microorganisms that actively search for a suitable fouling surface,

diatoms contact a surface passively through currents and gravity before selecting

an attachment position [16]. Diatom slimes are reported to have higher attach-

ment strength on hydrophobic surfaces and can stick to fouling release coatings on

boats operating in excess of 30 knots [17]. The adhesion strength of diatoms is re-

lated to the surface wettability. Generally, diatoms adhere strongly to hydropho-

bic coatings, including silicone elastomers and fluorinated block copolymers and,

conversely, adhere weakly to hydrophilic surfaces [18].

Diatom biofilms are of great interest, because they are highly resistant to

antifouling coatings and are especially difficult to remove from non-toxic foul-

release coatings [15]. The geometry of diatoms is modelled here in terms of its

wettability underwater. Even though water tends to enter pores in a surface made

of silica, the morphology of the external pores of diatom creates the possibility of

geometrical air trapping [19], which prevents water from entering the pores and

thus maintains surface hydrophobicity.

The external pores are simplified in the model as a spherical cavity (Fig. 3.14).

The angle between the tangent of the highest point of the pore and the horizontal

plane is ψ0. The angle between the vertical plane and the liquid level in the pore,

ψ, is also the current contact angle. When water enters the pore under external

pressure, both ψ and the liquid-vapour interfacial area will increase. The free
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Figure 3.13: SEM and AFM micrographes of the diatom Thalassiosira eccentrica
(Courtesy of Dr Dusan Losic, University of South Australia).

energy decrease due to wetting of the hydrophilic pore wall is counteracted by

the liquid-vapour interfacial energy increase. The maximum energy is obtained

when ψ reaches θY , the Young’s contact angle. Further water penetration will

lead to a Wenzel state (ψ=π).

Figure 3.14: A spherical cavity model of an external pore on diatoms.

In the cavity, the surface free energy can be described as the sum of surface
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energies at three interfaces [20]

Esurf = γLV SLV + γSV SSV + γLSSLS

= γLV π(r sinψ)2 + γSV 2πr2(cosψ0 − cosψ) + γLS[4πr2 − 2πr2(1− cosψ)]

= γLV πr
2 sin2 ψ + γSV 2πr2(cosψ0 − cosψ) + γLS2πr2(1 + cosψ)

(3.6)

Young’s equation gives [21]

γSV = γLS + γLV cos θY (3.7)

In the above equations,

γij = interfacial tension between interface ij (solid, liquid and vapour),

Sij = interfacial area of interface ij (solid, liquid and vapour),

θY = water contact angle on a flat surface (Young’s contact angle).

The energy barrier for a single cavity, denoted as the free energy difference

between the Cassie state (ψ=ψ0) and maximum energy (ψ=θY ), is calculated as

∆E = E(ψ=θY ) − E(ψ=ψ0)

= γLV πr
2(sin2 θY − sin2 ψ0) + γSV 2πr2(cosψ0 − cos θY ) + γLS2πr2(cos θY − cosψ0)

= γLV πr
2(sin2 θY − sin2 ψ0) + (γSV − γLS)2πr2(cosψ0 − cos θY )

= γLV πr
2(cos2 ψ0 − cos2 θY ) + γLV cos θY 2πr2(cosψ0 − cos θY )

= γLV πr
2(cos2 ψ0 + 2 cosψ0 cos θY − 3 cos2 θY )

(3.8)
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The energy barrier per mm2 of area is approximately equal to ∆E/πr2 =

γLV (cos2 ψ0 + 2 cosψ0 cos θY − 3 cos2 θY ). When substituting ψ0 = 30◦, θY =

98◦, r = 800 nm and applying γLV = 72 mN/m, this value is 72 nJ per mm2. When

compared with energy barriers of 1–10 nJ for perfluorinated micro-structures [20]

and that of 61.5 nJ for bird feathers [22], it is noteworthy that external pores of

diatom possess the water repellency as high as bird feathers. That explains why

it is very hard for water to enter the external pores of diatom.

Additionally, if the bottom of the external pores of diatom is closed, the

penetration of water into the pores will compress the air in the pore and increase

the internal pressure dramatically, according to the ideal gas law PV = nRT .

For example, if water fills half of the pore, the increase of internal pressure will

be one atmosphere, which takes 10 meters of water depth to compensate for this

pressure as per the Pasca’s equation P = ρgh.

3.4 Conclusions

Some native Australian plant leaves were selected to investigate the linkage be-

tween wettability and surface morphology. Both hydrophilic and hydrophobic

leaves were found among the species studied. Four categories were summarized

based on the distinct morphologies of these leaf surfaces. Hairy leaves were pos-

tulated to repel water through various mechanisms, such as elastic bundling,

pyramid bundling, and layers of hair grids. Palm-tree-like hair leaves have con-

tact angles greater than 130◦ and possess water repellency possibly because of the

overlapping of palm-tree-like hairs, which work as a protection layer similar to an

umbrella. The only grass-like plant studied here has distinguishable micro-ridges
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(optical) and micro-ridges (SEM) on the surface, which lead to an anisotropic

wetting property. These findings represent the initial attempt to uncover the

special morphologies of certain native Australian plant leaves. In addition, the

external pores of diatoms were modelled geometrically and a free energy calcula-

tion was carried out under the specific geometry. It was found the energy barrier

required for water penetration in this model is comparable to that of bird feathers

that are impressive natural waterproofed structures.
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Chapter 4

Hydrophobic Australian

Eucalyptus Leaves

4.1 Introduction

Many biological surfaces, such as plant leaves, bird feathers and animal furs, ex-

hibit strong water repellency in order to adapt to environmental conditions. A

typical example is the adaxial surface of the lotus leaf Nelumbo nucifera, which

remains completely dry while floating on water. The wetting characteristics of the

lotus leaf include high contact angles and low contact angle hysteresis [1–4], at-

tributed largely to a hierarchical surface structure. These properties have formed

the basis of many surface-critical applications, for example self-cleaning [5–7],

corrosion prevention [8], drag reduction [9] and fouling control [10]. Recently,

high contact angle hysteresis was observed for certain rose petals exhibiting high

contacts angles [11]. These petals contain relatively widely spaced micro-bumps

of small peak-to-base heights. Consequently, a composite wetting scenario pre-
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4. HYDROPHOBIC AUSTRALIAN EUCALYPTUS LEAVES

vails — that is, the Wenzel process [12] is dominant on the micro-structure level,

allowing water to enter the asperities and therefore leading to a high contact area

and high adhesion, and the Cassie mode [13], which rules on the nano-structure

level, maintaining high water contact angles. Such unique wetting behaviour may

lead to applications in mass and heat transport [14] or microfluidic devices [15].

The contact angle, commonly used to quantify the wettability of a solid sur-

face, is a function of two independent variables: the surface energy of the solid

controlled by its chemical composition and bonding states, and the surface rough-

ness. Evidence has shown that the presence and three-dimensional (3D) geom-

etry of surface patterns can markedly alter the wetting responses of a surface.

For example, micro-structured features, in the form of pores and posts on a leaf

surface, can increase water contact angles substantially. Recent studies reveal

that nano-structured roughness can further enhance the water repellency and

help maintain a robust composite wetting [11, 16–19]. Therefore, understanding

the relationships between surface geometric parameters and wetting properties

may help develop new types of surfaces with unexpected property combinations.

Eucalyptus, a dominant tree across temperate, arid and tropical ecosystems

in Australia, is well adapted for coping with environmental extremes. However,

the wetting properties of Eucalyptus have not been studied in detail, even though

an investigation of surface leaf waxes was undertaken in 1970 of 315 Eucalyptus

species for taxonomic purposes [20]. In this chapter, eight Australian native

Eucalyptus species with a prominent waxy-white leaf form were studied in regard

to their hydrophobicity and surface morphology. Different from Chapter 3, where

selected species were categorized into four groups based on leaf surface micro-

morphology, these Eucalyptus species were compared here due to the same family
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they belong to. SEM micro-graphs indicated that various surface morphologies

were found on these leaves. Three species with papillae micro-morphology on

the leaf surface, among these eight species, were investigated with a special focus

on the link between the surface micro-structures and leaf surface hydrophobicity.

To do so, physical models were constructed based on the dimensions of surface

micro-structure features observed on these leaves. The contact angles, wetting

robustness and critical pressures of these leaves were calculated and compared to

the well established parameters for the leaf of lotus Nelumbo nucifera.

4.2 Experimental procedure

4.2.1 Sample preparation

Fresh leaves of eight Eucalyptus species, i.e., E. woodwardii (S#8), E. pruinosa

(S#9), E. pachyphylla (S#18), E. dolorosa (S#20), E. eudesmioides (S#21), E.

oxymitra (S#23), E. lane - poolei (S#25) and E. gomphocephala (S#26) were

collected from actively growing specimens in the nursery at the State botanic

garden, Kings Park in Perth, Western Australia.

Sample preparation procedures for optical observation and contact angle mea-

surements were detailed in Chapter 3.

4.2.2 Instrumentation

Experimental settings for an FTA1000 goniometer, a Moticam 2300 digital cam-

era and Scanning Electron Microscopy (SEM) were elaborated in Chapter 3.
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4.3 Results and discussion

4.3.1 Surface morphology

A total of eight Australian native Eucalyptus were examined in respect of water

contact angle (WCA) values and surface morphologies of their leaves. These

juvenile leaves have glaucous surfaces that is presumably covered by wax; water

droplets form spheres when deposited on the leaf surfaces (Fig. 4.1). Moderate

hydrophobicity with WCA values in the range 120◦–150◦ was observed on all

selected species (Table 4.1).

Figure 4.1: Water droplets on glaucous leaves of: (a) Eucalyptus lane — poolei
(S#25) and (b) Eucalyptus pruinosa (S#9).

SEM images reveal various surface micro-structures on the selected Eucalyp-

tus species: micro-bumps (Fig. 4.2b), random micro-ridges (Fig. 4.2c) and more

orderly micro-ridges whose unevenness in height resembles micro-bumps at larger

scale magnification (Fig. 4.2a). Upon these micro-structures is a layer of nano-
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Table 4.1: WCA values of selected Eucalyptus species.

Sample No. Sample names WCA (◦)
S#8 E. woodwardii 142.6± 1.7
S#9 E. pruinosa 129.2± 2.2
S#18 E. pachyphylla 146.3± 2.5
S#20 E. dolorosa 151.4± 1.2
S#21 E. eudesmioides 128.6± 3.5
S#23 E. oxymitra 124.0± 2.8
S#25 E. lane - poolei 131.1± 1.6
S#26 E. gomphocephala 125.3± 2.4

scale wax in different dimensions and forms. On sample S#9, nanotube wax lays

parallel to the leaf surface in the same directions as the micro-ridges. On sample

S#21, upright plate wax covers the micro-bumps, the stomata and the cuticle.

On sample S#25, relatively small plate wax and irregularly shaped particles are

distributed sparsely on top of the micro-ridges. Multiple length scales of rough-

ness, namely micro-structure and nano-structure, are found on these Eucalyptus

species and indicate its necessity in this strategy for achieving hydrophobicity.

Three Eucalyptus species with distinguishable micro-bump structures, S#8,

S#18 and S#20, were studied in detail here. Special wetting features, namely

high contact angles and strong water adhesion, were evident on the leaves of all

three species. This is similar to the findings on the petals of Rosa, cv. Bairage

[11] and in sharp contrast with the wetting condition of the lotus leaf, which is

characterized by high contact angles but negligible water retention.

The water contact angles of the study species (Table 4.1), when compared to

that of lotus leaves (160.4 ± 0.7◦ [21]), can be considered strongly hydrophobic.

Given that lotus is an emergent aquatic plant and the study species of Eucalyptus

83



4. HYDROPHOBIC AUSTRALIAN EUCALYPTUS LEAVES

Figure 4.2: SEM images of three typical leaf surfaces: (a) Eucalyptus pruinosa
(S#9), (b) Eucalyptus eudesmioides (S#21) and (c) Eucalyptus lane — poolei
(S#25).

live in drier environments, it is surprising that these Eucalyptus spp. present such

high levels of leaf hydrophobicity. Conversely, strong adhesion was observed on all

three Eucalyptus species, before wax removal, between the water droplet and the

leaf surface, with the droplet adhering firmly to the surface when it was gradually

tilted from 0◦ to 180◦ (Fig. 4.4). This adhesion may be due to a large contact

area between the water and the leaf surface. Water retention on fresh leaves is

believed to help maintain surface hydration following a rainfall or evening dew

event by providing the leaf with an additional source of moisture particularly as
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most Eucalyptus endure periods of low rainfall.

Figure 4.3: Experimental water contact angles of Eucalyptus leaves before and
after wax removal.

Figure 4.4: Water droplets on E. pachyphylla leaves before (a) and after (b) wax
removal at different surface tilt angles of 0◦, 90◦, 180◦ (scale bars = 500 µm).

The surface morphologies of Eucalyptus leaves are shown in Fig. 4.5. Gener-
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ally, the entire surfaces of these leaves are covered by fine nanometre scale wax at

different forms and microscopic papillae and stomata, forming at least two length

scales of roughness. On the micrometer level, hemisphere-like papillae arranged

in a quasi-hexagonal pattern appear uniformly on the leaf surface of all three

Eucalyptus species. Different wax morphologies, however, can be identified at

the nanometre level. Needle-like wax particles of approximately 5 µm in length

and 200 nm in diameter are aggregated on the leaf surface of E. woodwardii (Fig.

4.5a), while string-like wax covers the papillae of E. pachyphylla (Fig. 4.5b) and

flake-like wax is found on E. dolorosa (Fig. 4.5c). These multi-scale structures

have some morphological similarity to that of lotus [21]. However, a major dif-

ference is that, for lotus leaves, the wax forms fine, nanometre-length short hairs

positioned upright to the surface, while on these Eucalyptus leaves, wax features

have relatively large dimensions laying loosely over the surface.

Figure 4.5: SEM images of three Eucalyptus leaves at different magnifications:
(a) Eucalyptus woodwardii with optical images of water droplets shown in the inset,
(b) Eucalyptus pachyphylla, and (c) Eucalyptus dolorosa.
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In order to resolve the role that the wax structure plays in the observed wetting

properties, water contact angles on these Eucalyptus leaves were measured and

compared before and after wax removal (Fig. 4.3). For leaves free of wax, an

average contact angle drop of 12 ± 1.7◦ was observed, which suggests that the

contribution to the contact angles from the wax is relatively minor and that the

leaf micro-structures impart an inherent surface hydrophobicity. Note, in Fig.

4.4 all images were taken with the same droplet volume, magnification, and light

settings, the contact area between the water and the leaf surface became larger

after wax was removed while maintaining a considerable hydrophobicity.

The surface micro-structures of these Eucalyptus leaves appear to play a key

role in determining water contact angles, as high contact angles are still main-

tained even after wax is removed. However, wax structures, on the nanometre

scale, enhance the wetting robustness. For example, synthetic hierarchical sur-

faces with varying micro-structure pitch values and wax densities (which are made

of the nano-structures) have been fabricated [11]. On these artificial surfaces, the

water contact angle did not change substantially on 23 µm pitch micro-structures

across differing wax densities. However, there was a drop in the contact angle on a

105 µm pitch micro-structure when less wax was deposited. Based on the above

observation and analysis, wetting states of both the Eucalyptus and the lotus

Nelumbo nucifera leaves may be modelled by using their surface micro-structural

parameters as inputs. The surface morphology of these three Eucalyptus leaves

(S#8, 18, 20) can be considered as multiple hemispheres sitting on a flat plane

(Fig. 4.6a). Similarly, for lotus [21], the leaf surface can be visualized as a plane

containing many cylinders, each with a hemisphere cap (Fig. 4.6b). In both

models, the radius of the hemisphere is denoted as r0, the height of the cylinder
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as h0, and the edge-to-edge distance between two neighbouring micro-structures

as 2d0. When h0 equals zero, two models become the same.

Figure 4.6: Generalized physical models of microscopic surface features of: (a)
Eucalyptus leaf with parameters adopted from Eucalyptus pachyphylla and (b) lotus
leaf Nelumbo nucifera.

The surface micro-structural parameters of both lotus and three Eucalyptus

leaves, such as r0, h0 and 2d0, were measured from SEM images and summa-

rized in Table 4.2. It is understood that the arrangement of the micro-structured

features on the leaf surface may affect the surface roughness, which in turn in-

fluences the contact angle. Two most common arrangements of the microscopic

hemispheres, namely hexagonal (Fig. 4.7a) and square patterns (Fig. 4.7b) are

thus considered here when calculating wetting properties. However, negligible

difference (for example, <1% in contact angle) was observed from these two pat-

terns in this study. Therefore, only data from the hexagonal pattern is reported

here.
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Table 4.2: Geometric parameters of micro-structures measured on the leaf surfaces
of lotus Nelumbo nucifera and three Eucalyptus species.

Sample No. Sample names Radius, r0 Height, h0 Distance, 2d
(µm) (µm) (µm)

- Lotus 5± 0.5 5± 0.5 10± 1.2
S#8 E. woodwardii 8± 0.8 0 14± 2.8
S#18 E. pachyphylla 9± 0.6 0 9± 2.8
S#20 E. dolorosa 10± 1.0 0 16± 5.4

Figure 4.7: Two common patterns of micro-structures: (a) hexagonal and (b)
square.

4.3.2 Contact angle calculations

In the Wenzel state wetting, water fills in the asperities of the micro-structure

and maintains the maximum contact with the surface. As such, the contact angle

is expressed as [12]

cosθW = r cos θY (4.1)

where θW and θY are the Wenzel and Young contact angles, respectively. The

roughness factor, r, is defined as ASL/AF , where ASL is the actual solid-liquid

contact area and AF is the projected area of the actual solid-liquid contact on the

horizontal surface plane. The roughness factors for the hexagonal pattern can be

calculated by the following equation: r = 1 + πr2+2πrh0
0.866·(2r+2d)2

.
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Table 4.3: Calculated contact angles using the Wenzel equation on fresh leaves
of lotus and three Eucalyptus species.

Sample No. Sample names Experimental Calculated
WCA (◦) WCA (◦)

- Lotus 160.4± 0.7 [21] 114.0
S#8 E. woodwardii 142.6± 1.7 107.7
S#18 E. pachyphylla 146.3± 2.5 110.2
S#20 E. dolorosa 151.4± 1.2 107.7

Table 4.3 summarizes the experimental and calculated contact angles using

Wenzel equation on fresh lotus and three Eucalyptus species, respectively. In

these calculations, 104◦ was adopted as the water contact angle on a flat surface

covered by wax [22]. It can be seen that calculated contact angles for lotus and

Eucalyptus leaves are much lower than the experimental ones. Therefore, the

wetting behaviour of these leaves cannot be explained using the Wenzel model.

Alternatively, the Cassie model, characterized by the presence of air pockets

between water and the leaf surface, can be used to calculate the contact angles

as [13]

cosθCB = rff cos θY + f − 1 (4.2)

where θCB and θY are the Cassie-Baxter and Young contact angles, respectively,

rf is the wetted roughness ratio of the surface area wetted by the liquid and f is

the fraction of solid surface area contacting the liquid. The height of cap that is

wetted by the liquid is introduced based on the models and denoted as hcap. The

calculations can be stated as

rf =
2πrhcap

π[r2 − (r − hcap)2]
(4.3)
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and

f =
2πrhcap

2πr2 + 2πrh+
√

3(2d)2/2− πr2
(4.4)

4.3.3 Analysis of wetting robustness

The combination of a spacing parameter [13] and a wetting robustness parameter

[23] has also been considered in assessing the ability of a specific surface micro-

structure to maintain its composite wetting. Based on the two physical models

presented in Fig. 4.6, a spacing parameter was developed here following the

Cassie-Baxter equation [13]. Across two structures in Fig. 4.6, the smallest

building block will be four-sided and a hexagonal pattern, it will be a rhombus

formed by four neighbouring micro-structures (Fig. 4.7a). Within the rhombus,

the solid-liquid contact area is equivalent to a complete cap.

Figure 4.8: A side view schematic plot of geometric parameters defined for calcu-
lating the robustness parameter. The triple line plane is formed by creating a plane
parallel to the bottom surface with a distance h2, based on the line connecting the
two points where the meniscus meets the top of micro-bumps.

The height of the cap wetted by water, in Fig. 4.8, is r0[1− sin(θA − 90◦)] =
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r0(1+cos θA). The area of the cap wetted by water is equal to 2π(r0)
2(1+cos θA).

The area of the rhombus parallel to the rough surface can be expressed as
√
3
2

(2r0+

2d0)
2. Therefore, f1, defined as the solid-liquid contact fraction over the projected

area, can be derived as 2π(r0)2(1+cos θA)√
3
2
(2r0+2d0)2

. The liquid-air contact area in the rhombus

is equal to the difference between the projected rhombus area and the area of a

circle with the radius of r0 cos(θA − 90◦) = r0 sin θA. Accordingly, f2, defined

as the liquid-air contact fraction over the projected area, can be formulated as

1 − π(r0)2 sin
2 θA√

3
2
(2r0+2d0)2

. When substituting these two area fractions, the Cassie-Baxter

equation becomes

cosθD =
2π(r0)

2(1 + cos θA)
√
3
2

(2r0 + 2d0)2
cos θA−[1− π(r0)

2 sin2 θA
√
3
2

(2r0 + 2d0)2
] =

π(r0)
2(1 + cos θA)2

√
3
2

(2r0 + 2d0)2
−1

(4.5)

Note the spacing parameter can be defined as D∗ = ( r0+d0
r0

)2, the equation

reduces to

cos θD =
π(1 + cos θA)2

2
√

3D∗
− 1 (4.6)

A large value of D∗ apparently leads to a high contact angle, which means that

large d0/r0 values for micro-structures are preferred for hydrophobicity. However,

an indefinite value of d0/r0, which renders the surface flat, would not result in

a 180◦ contact angle. Therefore, a critical d0/r0 value should exist, giving the

highest contact angle while maintaining a composite wetting state.

The robustness parameter H∗ [23], defined as h2/h1 (Fig. 4.8), describes how

likely it is for liquid to enter the asperities on a rough surface due to capillary

effect. A larger value of H∗ renders a wetting regime transition, from composite

to wetted, more difficult and thus maintains a composite wetting state. The
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distance between the triple line plane and the surface horizon, h2, is equal to

h0 + sin(θ− 90◦) = h0− r0 cos θ. The sagging height, h1, can be described as the

distance between the triple line contact plane and the tangent plane of the liquid

meniscus within the asperities.

The liquid meniscus in Fig. 4.8, resulting from capillary pressure in a narrow

empty tube (note 2d0 ≈ 15 µm), can be conjectured as being a portion of a liquid

sphere surface with a radius R. Under this condition, the pressure difference

across the liquid meniscus can be described by the Young-Laplace equation as

∆p = 2γlv
R

, where ∆p is the pressure difference, γlv is the liquid-vapour surface

tension and R is the radius of the liquid sphere. The radius R approximates to the

capillary length λc, when the liquid meniscus is at equilibrium with the absence of

external pressure and is subjected to both gravitational acceleration and surface

tension. In the geometry, h1 = R(1− cosα) and sinα = (d0 + r0− r0 sin θ)/R. As

R is much larger than d0 and r0, sinα ≈ d
R
≈ d

λc
and sinα ≈ α. Then h1 can be

derived as h1 ≈ λc(1−
√

1− sin2 α) ≈ λc(1−
√

1− ( d
λc

)2) ≈ λc{1−[1−( d
λc

)2/2]} =

d2

2λc
. Therefore, the robustness parameter can be expressed with respect to the

two physical models (Fig. 4.6) as

H∗ =
h2
h1
≈ h0 − r cos θ

d2

2λc

=
2λc(h0 − r cos θ)

d2
(4.7)

A large H∗ value is preferred for maintaining a stable composite wetting, as a

large barrier must be overcome before liquid can enter the asperities and wet the

bottom of the surface. Based on eq 4.7, the combination of a large cylinder height

h0, a large hemisphere radius r0 and a small micro-structure edge-to-edge distance

d0 will result in a large H∗. The distance d0 is more influential than the other
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variables in the equation when determining the H∗ value. As D∗ controls the

contact angle and H* determines the wetting robustness, a combination of large

values of D∗ and H∗ ensures a robust composite hydrophobicity. The calculated

values of the spacing parameter D∗ and the robustness parameter H∗ for lotus

and three Eucalyptus leaves are listed in Table 4.4.

Table 4.4: Calculated design parameters for lotus and three Eucalyptus species.

Sample No. Sample names D∗ = ( r0+d0
r0

)2 H∗ = 2λc(h0−r0 cos θ)
(d0)2

- Lotus 4.0 1339
S#8 E. woodwardii 3.5 211
S#18 E. pachyphylla 2.2 576
S#20 E. dolorosa 3.2 202

Lotus has achieved a larger D∗ value and a much larger H∗ value than all three

Eucalyptus species. These values contribute to observed high contact angles and

small roll-off angles on lotus leaves, and thus negligible contact between water and

the leaf surface. The small H∗ values found on Eucalyptus species could explain

the high adhesion between water and the leaf surface, because water penetrates

into the micro-structures and forms a large solid-liquid contact area that leads to

sufficient adhesion to counteract the gravitational pull of a water droplet.

These geometric parameters, r0, d0 and h0, can be adjusted to achieve certain

D∗ and H∗ values for specific wetting applications. For superhydrophobic wetting

such as lotus leaves, the relative value of d0 may be tailored to achieve a high

contact angle and a small contact area simultaneously. For applications where

high adhesion is favoured such as in micro-volume liquid transport, d0 can be

manipulated towards a higher value to achieve relatively large D∗ and H∗. Eq

4.7 suggests that a large value of h0 would result in a large H∗ without affecting
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the value of D∗. Nano-nails, having a relatively high h0 value compared to r0,

were reported to give a large D∗ of 10–100 and a large H∗ of 100–100,000 for

an octane droplet [23]. However, h0 cannot be indefinitely large compared to r0.

A typical example is a micro-scale hair pattern on the surface, which tends to

lose its structural integrity under external loading. Therefore, other structural

parameters, such as a mechanical integrity parameter, should also be developed

and integrated with these design parameters to provide a more comprehensive

evaluation of surface wetting.

4.3.4 Analysis of surface free energy

When a water droplet is gently deposited on a surface, based on the surface energy

and roughness of the surface, one of the two classical wetting regimes can exist.

In the homogeneous Wenzel wetting, water fills in the asperities of the micro-

structure and maintains maximum contact with the surface. Alternatively, the

heterogeneous Cassie model, characterized by the presence of air pockets between

water and the leaf surface, can be used to calculate the contact angles.

For this three-phase system, different surface energies exist for specific wetting

scenarios. There are, therefore, energy barriers between various wetting states.

A principle of energy minimization is generally applied to determine the final

wetting state. That is, the liquid will wet the rough surface to the extent that

the overall surface energy of the system is minimized. A prerequisite for taking

the final state of minimum energy is that the system can overcome the energy

barriers lying between different conditions in a certain environment, given that

wetting is a continuous physical process. Thus it is possible for the system to
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reach equilibrium before the surface energy is minimized due to insurmountable

energy barriers presented without any external disturbance. In order to analyse

the possibility of transition between different wetting states, it is necessary to

consider the corresponding Gibbs free energy analysis. The Gibbs free energy of

a droplet on a surface can be described as [24, 25]

G = γLV SLV + γSV SSV + γLSSLS (4.8)

where γij is the surface energy between the interface ij (solid, liquid and vapour),

and Sij is the contact area of the interface ij (solid, liquid and vapour).

Before these interfacial areas can be substituted by mathematical expressions,

certain assumptions and reasonable approximations are required based on actu-

ality: (a) The influence of gravity can be neglected, as the radius of a water

droplet used here (3 µL, ∼1.0 mm) is usually less than the capillary length (∼2.7

mm). Thus the droplet can be deemed to be spherical. (b) The radius of a water

droplet is significantly larger than the surface roughness, and the radius of the

liquid-vapour interface meniscus, between surface relief, can be approximated to

the radius of the water droplet. Consequently, the liquid volume of entering the

asperities of the micro-structures can also be neglected, and the liquid-vapour in-

terface meniscus can be taken as planar, parallel to the surface horizontal plane.

(c) The base of the spherical droplet can be approximated as the projection of

the liquid-solid contact on the surface plane. (d) The contact line tension and

potential energy are negligible as their contributions to the total surface energy

are insignificant.

When relating to the droplet volume V and contact angle θ, the radius of the
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droplet R can be expressed as [24]

R = (
3V

π
)
1
3 (2− 3 cos θ + cos3 θ)−

1
3 (4.9)

In a composite wetting state, the interfacial areas are calculated using rf and

f , the parameters defining the Cassie relationship. SLV consists of two parts:

the external spherical cap of the droplet and the liquid-vapour contact under the

droplet.

SLV = 2πR2(1− cos θ) + πR2 sin2 θ(1− f) (4.10)

SLS only contains the liquid-solid contact area under the droplet.

SLS = πR2 sin2 θfrf (4.11)

SSV also consists of two parts: the solid-vapour contact under and outside

the droplet, respectively. SSV−total is introduced here as the total solid-vapour

contact area before the droplet deposition. For a specific surface, SSV−total is

constant.

SSV = (SSV−total − πR2 sin2 θr) + πR2 sin2 θ(r − frf ) (4.12)

The Gibbs energy of a composite wetting system can be described by inserting

eqs 4.9, 4.10, 4.11 and 4.12 into eq 4.8

Gcomposite = γSV SSV−total + γLV (3V )
2
3π

1
3 [F (θ)]−

2
3 ·

[2− 2 cos θ − sin2 θ · F (f)]

(4.13)
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with

F (θ) = 2− 3 cos θ + cos3 θ (4.14)

and

F (f) = rff cos θY + f − 1 (4.15)

For a droplet with a volume V and a well-defined solid surface, the surface

energy of the system changes with the contact angle θ and its specific wetting

condition (in which these two parameters rf and f can be determined). The

surface roughness ratio, r, does not affect the value of Gcomposite due to its absence

in eq 4.13. However, eq 4.13 is a universal equation that remains valid for both

composite and wetted regimes. Similar to the conversion between Wenzel and

Cassie relations, the function F (f) = rff cos θY + f − 1 for a composite regime

can be simplified to F (f) = r cos θY for a wetted regime. Thus, the Gibbs energy

for a wetted case (where there is no air trapped under the droplet and thus

no liquid-vapour and solid-vapour contact areas), can also be obtained with the

corresponding F (f) expression.

Suppose the wetting transition from a composite case to a wetted case begins

with gradual penetration of liquid into the asperities. Let h be the penetration

depth, r0 be the micro-hemisphere base radius and d0 be half of the edge-to-edge

distance of the micro-hemispheres in a hexagonal arrangement. For convenience,

h can be reasonably related to r0 by h = xr0, where x ∈ (0, 1) given the model

for Eucalyptus spp., and d0 can be approximated to r0. The wetting parameters

for a composite case can be expressed as

rf =
2r0

2r0 − h
=

2

2− x
(4.16)
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and

f =
π[(r0)

2 − (r0 − h)2]
√
3
2

(2r0 + 2d0)2
=
π(2x− x2)

8
√

3
(4.17)

and for a wetted regime

r = 1 +
π(r0)

2

2
√

3(r0 + d0)2
= 1 +

π

8
√

3
(4.18)

The function F (f) can be rewritten when substituting eqs 4.16 and 4.17

F (f) = F (x) =
4πx cos θY − (2− x)(π + 2

√
3)

(2− x)(π + 2
√

3 + 2πx)
(4.19)

It is assumed here that the transition between a composite state and a wetted

state involves gradual liquid penetration into the rough micro-structures. For each

depth of penetration, there is a specific contact angle for the droplet in order to

achieve the minimum surface energy. At the thermodynamic equilibrium, the

contact angle θ equals the Cassie contact angle θC and eq 4.13 can be used to

calculate the Gibbs surface energy

GCassie = γSV SSV−total + γLV (3V )
2
3π

1
3 [F (θC)])

1
3 (4.20)

with

F (θC) = 2− 3 cos θC + cos3 θC (4.21)

In eq 4.20, both the first part on the right side, γSV SSV−total and γLV (3V )
2
3π

1
3

are positive and constant, the actual value of GCassie can be compared through

F (θC), given the exponent on F (θC) is 1/3. The relationship between the F (θC)

values and the penetration depth x is shown in Fig. 4.9.
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Figure 4.9: F (θC) at different penetration depths when r0 = d0.

The value of F (θC) decreases steadily as the penetration depth x increases

from 0 to 0.75. At about 0.75, the minimum of F (θC) is obtained (3.951), which

indicates the minimum surface energy for this specific geometry and composite

wetting. After 0.75, F (θC) begins to increase slowly. This observation is similar

to the case found on flat-top microscopic cylindrical pillars [25]. When x reaches

unity, liquid touches the bottom and the wetting scenario shifts from composite

to wetted, for which the F (θW ) value can be calculated as 2.867 by employing eqs

4.1, 4.13 and 4.18. Subsequently, when a droplet is deposited gently on a surface

characterized with microscopic hemispheres (r0 = d0), liquid under the droplet

simultaneously enters the asperities and reaches a thermodynamic equilibrium

at x = 0.75 to achieve the minimum surface energy for the composite regime

(with local pinning and external energy input neglected). Since the wetted case

possesses lower surface energy than the composite case, a transition occurs when

100



4.3 Results and discussion

the vibration energy of the droplet or an external energy input can surpass the

energy barrier, which can be calculated as the surface energy difference between

the two states of x ≈ 0.75 and x ≈ 1. This method of energy barrier calculation

agrees with a postulation that, on flat-top microscopic pillars, the energy barrier

is the energy difference between the non-filling (Cassie) and complete-filling states

[25].

The effect of edge-to-edge distance on the surface energy is studied by changing

the value of d0 based on a constant r0, and the calculated F (θC) values are shown

in Fig. 4.10. A lower minimum surface energy is obtained at a smaller depth

for a smaller d0. In addition, a larger energy barrier (marked as ∆G1 in Fig.

4.10a), which acts as an indicator of hydrophobic stability, exists for the wetting

transition for a smaller d0. Therefore, a smaller d0, such as d0 = 0, is favoured to

maintain a composite wetting state.

A portion of the F (θC) curve in Fig. 4.10a is expanded with an extension of

the F (θ) values at wetted regimes. After a minimum surface energy is reached,

F (θ) value (or accordingly the surface energy) increases gradually with further

liquid penetration before complete wetting of the asperities. Although not shown

in Fig. 4.10b, the F (θ) values at the x range of (0.95, 1) can be reasonably

postulated as being slightly higher than the values acquired at x = 0.95. The

surface energy difference between the composite state (with a minimum surface

energy) and the wetted state, marked as ∆G2 in Fig. 4.10b, can be considered as

a transition potential or tendency. A larger energy difference, accompanied with

a smaller barrier, reflects an easier composite-wetted transition for a larger d0.

The energy barrier ∆G1 and energy potential ∆G2 for the wetting transition

for different d0 values are calculated using eq 4.20. The volume of the water
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Figure 4.10: Influence of d0 on F (θC) values: (a) F (θC) at different pene-
tration depths with different d0 values, (b) F (θ) at different penetration depths
x ∈ [0.75, 1]). The F (θ) values at the x range of (0.95, 1) are omitted. When
x = 1, F (θ) = F (θW ).
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droplet is taken as 5 µL. The energy barrier is calculated as the difference between

the lowest energy and the energy at x = 0.99, just before the wetting transition.

The energy potential is calculated as the difference between the lowest energy at

a composite state and the lowest energy at a wetted state. The results are shown

in Table 4.5.

Table 4.5: Calculated energy barriers and energy potentials for different d0.

d0 value ∆G1 ∆G2

Energy barrier, nJ Energy potential, nJ
0 7.33 4.05
r0/4 3.11 58.84
r0/2 1.56 83.24
r0 0.52 104.19
2r0 0.065 116.83
4r0 0.013 122.19

When d0 decreases from r0 to r0/4, the energy barrier increases from 0.52 nJ

to 3.11 nJ thus indicating enhanced hydrophobic stability or robustness. When

d0 = 2r0, the energy barrier is close to zero and a droplet deposited gently on

such a surface will spontaneously enter the roughness to the thermodynamically

favoured wetted state.

In the model for lotus, the existence of h0 leads to further extension of the

penetration depth x at the range of [1, 1 + h0/r0] with d0 being approximated to

r0. The wetting parameters for a composite case, when the liquid level in the

asperities is below the microscopic hemisphere base, can be expressed as

rf =
2π(r0)

2 + 2π(r0)
2(x− 1)

π(r0)2
= 2x (4.22)
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and

f =
π(r0)

2

√
3
2

(2r0 + 2d0)2
(4.23)

and for a wetted condition, the roughness ratio is calculated as

r = 1 +
π(r0)

2 + 2πr0h0
√
3
2

(2r0 + 2d0)2
(4.24)

The F (θC) values with x at the range of [1, h0) can be derived by combining

eqs 4.14 and 4.15 for the free surface energy expressions, and eqs 4.22, 4.23,

and 4.24 for the roughness factors. In Fig. 4.11, the curve is the same as the

Eucalyptus model in the range of [0, 1). After further liquid penetration (x ≥ 1),

F (θC) keeps going up with a gradually decreasing slope. At the same range, the

F (θW ) value (corresponding to the wetted surface energy and marked in blue),

increases with x at a constant slope of π/(4
√

3). At large depths of x (continued

in Fig. 4.12), the F (θC) value reaches a maximum and then declines gradually

even when x = 10. The F (θW ) value increases with x and reaches a maximum

at a much larger depth and then declines slowly. An intersection is found for

these two cures at x = 4.6. After this point, the composite regime is more

thermodynamically favoured than the wetted regime.

It should be noted that eq 4.20 can only be used when the thermodynamic

equilibrium is reached and the Cassie relationship is applicable. After x = 2.05,

the F (f) value in eq 4.15 exceeds unity 1 and no solutions for the contact angle

will be found to fulfil the equation of F (f) = cos θC . The same issue occurs for

calculating the minimum surface energy for a wetted scenario using the Wenzel

relation when x>7.4. After these two specific points, only the original eq 4.13

can be adopted for the overall surface energy calculation and the results stand
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Figure 4.11: F (θ) values at different penetration depths of x: the composite state
is marked by a red line (left vertical axis) and the wetted state is marked by a blue
line (right vertical axis).

for situations when a thermodynamic equilibrium cannot be reached.

Figure 4.12: F (θ) values at large depths of x: composite state is marked by a red
line and wetted state is marked by a blue line. Three black arrows denotes turning
points on surface energy at x = 2.05, 4.6 and 7.4, respetively.
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Table 4.6 reveals that greater energy barriers and lower energy potentials

are obtained for greater h0 values. The change of h0 from 0 to r0 significantly

elevates the energy barrier from 0.86 nJ to 4.22 nJ and decreases the energy

potential from 104.16 nJ to 74.28 nJ. When h0>1, all wetting conditions with

the penetration depth of x>2r0 face the same maximum energy barrier (4.22

nJ) arising from this specific geometry. Before x reaches 7.4r0, after overcoming

the energy barrier, a wetted regime with lower surface energy will be adopted

by the system. However, neither a composite regime nor a wetted regime will

be thermodynamically favoured with a liquid penetration deeper than 7.4r0. In

this case, the droplet will adopt the composite state with a much smaller x at a

thermodynamic equilibrium.

Table 4.6: Calculated energy barriers and energy potentials for different h0.

h0 value ∆G1 ∆G2

Energy barrier, nJ Energy potential, nJ
0 0.86 104.16
r0/4 2.24 96.30
r0/2 3.28 88.65
3r0/4 3.88 81.37
r0 4.22 74.28

The geometrical parameters presented in Fig. 4.6 can be adopted to compare

the energy barriers and energy potentials of wetting on Eucalyptus and lotus

leaves. For Eucalyptus, r0 = 2d0 = 9 µm and h0 = 0, the energy barrier and

energy potential are 1.56 nJ and 83.24 nJ, respectively. For lotus, 2r0 = 2d0 =

2h0 = 10 µm, these two values are 4.22 nJ and 74.28 nJ. The energy barrier for a

wetting transition on a lotus leaf is nearly three times of that on a Eucalyptus leaf.

The liquid-solid contact area, SLS, is also compared between these two models,
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as the contact area is expected to be strongly associated with the water-leaf

adhesion. Given that the minimum surface energies at a composite state for the

two models are obtained at a similar liquid penetration depth ratio (x ≈ 0.75,

Fig. 4.10 and 4.11), the radii of a 5 µL water droplet on the two models are

calculated using eqs 4.9, 4.16 and 4.17. For Eucalyptus and lotus models, the

radii are found to be 1.074 mm and 1.065 mm, respectively. After substituting

eq 4.11 with the radii, the liquid-solid contact areas are acquired to be 0.908

mm2 and 0.298 mm2, respectively. Therefore, for a water droplet of 5 µL, the

liquid-solid contact area on the Eucalyptus spp. is three times that on the lotus

leaf. Even though several assumptions and approximations have been made for

these calculations, the results can be used to describe qualitatively the stability

of hydrophobicity and surface adhesion for two different kinds of leaves in the

nature.

4.4 Conclusions

Physical models were constructed based on surface morphologies to gain a deeper

understanding of the wetting mechanisms of Eucalyptus leaves in comparison to

the lotus leaf, Nelumbo nucifera. Surface energy analysis on these two models

shows the changes of minimum surface energy with stepwise liquid penetration

into the asperities of the microscopic roughness. Lower minimum surface energy

was found on a smaller edge-to-edge distance of the micro-structures in both

models. The wetting transition from a composite state to a wetted state was

quantitatively identified using energy barrier and energy potential as criteria.

Greater cylindrical length below the microscopic hemisphere in the lotus model
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increases the energy barrier for the wetting transition, which is beneficial for

hydrophobic stability. The strong water adhesion on Eucalyptus leaves was also

explained by a relatively larger liquid-solid contact area than for lotus. This

study represents the first attempt to understand the unique wetting behaviour

of Eucalyptus leaves using a hemisphere-top model. The results may guide the

design of man-made surfaces with tailored wetting properties.
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Chapter 5

Fabrication of hydrophobic

surfaces using self-assembly and

photo-lithography methods

5.1 Introduction

Many methods have been used to make hydrophobic surfaces, such as deposi-

tion [1], etching [2, 3], self-assembly [4] and lithography [5]. Except for few in-

trinsically hydrophobic materials[6], hydrophobization is both necessary and an

efficient process to decrease surface energy and achieve superhydrophobicity on

surface fabrication. Long-chain alkanes with structures similar to some leaf wax

components, such as n-hexatriacontane (molecular formula CH3(CH2)34CH3), has

been deposited on surfaces by a thermal evaporation method[7]. Silanes are an-

other group of reagents for the hydrophobization purpose. Two types of silanes

are usually used: normal silanes and functionalized silanes. The former usually
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are fluorinated and can be used to coat a surface after dissolving in an organic

solvent. The latter, usually containing reactive groups (-Cl, -OR, -NMe2) that are

bonded to Si, however, can form a controllable coating through a self-assembly

process in three steps.

Lithography is another common to fabricate surfaces with periodic micro-

structures. Surfaces characterized with square or rhombus arrays of microscopic

cylindrical posts have been fabricated using photolithography techniques to study

the impacts of geometrical parameters on hydrophobicity[7–9]. Only one contact

angle was recorded on each of these surfaces in the literature, as it is postulated

that wetting on these micro-structured surfaces is symmetrical on all directions

parallel to the surface horizon and therefore contact angles measured at different

points along the contact line are identical.

However, different shapes, including octagons, squares, hexagons and circles,

of a spreading droplet’s bottom that is in contact with the surface were obtained

on topographically patterned but chemically homogeneous surfaces[10–12]. This

contradicts the general perception that only circles will be obtained on such sur-

faces. Furthermore, discrepancy has been found recently on contact angles mea-

sured at different directions on the micro-structures, with 128±2◦ versus 118±2◦

measured along the lattice axis and the diagonal directions, respectively, as shown

in Fig. 5.1, on a sample with a pitch value of 20 µm[11].

On micro-textured of small gap sizes, it was reported that the liquid front

advance velocity to the next row is much smaller than that on the perpendicular

direction[10, 13]. In such a case, a zipping mechanism was introduced to explain

anisotropic wetting. On large gap sizes, the velocities become comparable on the

liquid front advance direction and the perpendicular direction[14]. Microscopic
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Figure 5.1: Illustration of square arrays of microposts on a surface.

images of an isopropanol contact line on micro-decorated surface revealed details

of liquid front advancing among micro-pillar rows[10]. The contact line progres-

sion starts with wetting of one single micro-pillar of the next row, followed by

wetting on the micro-pillars next to the first one on the same row. Eventually

the whole contact line advances to the whole row of micro-pillars and gets ready

for wetting on next row.

There are few reports with respect to different local wetting properties along

the contact or triple phase line, termed anisotropic wetting here, on surfaces

with symmetric periodic micro-structures, although asymmetric surfaces were

specifically designed to study anisotropic wetting behaviours of droplets[15–18].

Herein, we first tested the self-assembly coating of oxysilane on glass slides, and

explored the mechanism of specific anisotropic wetting properties on these micro-

post surfaces.
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5.2 Experimental details

5.2.1 Self-assembly of hydrophobic films on glass slides

The surface modification of glass slides was carried out by immersing the slides

in a hydrolysed silane solution. A 0.05 mol/L ethanol solution of oxysilane was

firstly prepared by dissolving 0.20 g hexadecyltrimethoxysilane (H3C(CH2)15-

Si(OCH3)3, Sigma-Aldrich, Australia) into 10 mL ethanol. 4-fold molar excess

of dilute H2SO4 solution (0.04 g) was added into the solution to hydrolyse the

oxysilane. Glass slides were rinsed with ethanol and distilled water for three times

before coating. Clean specimens were then immersed in the hydrolysed silane so-

lution for 10 min, 30 min, 1 h, 2 h, and 4 h at room temperature, rinsed again

with ethanol and distilled water for three times and placed in fume hood to dry

for 4 h in air.

5.2.2 Fabrication of square arrays of microscopic cylindri-

cal posts using photo-lithography

Samples with square arrays of microposts were fabricated in a normal photo-

lithography process. Si wafers were pre-treated with acetone and isopropanol

followed by baking on a hot plate at 150◦C. The epoxy-based photoresist Su-8 50

was then spin-coated at speeds of 2500, 1800, 1400, 1000 rpm to achieve different

thicknesses (40, 60, 80, 100 µm). After soft baking, the wafers were mounted into

EVG mask aligner and exposed with UV at different intensities (260, 340, 420,

500 mJ/cm2 based on the thickness). Post exposure baking, developing and hard

baking of wafers were subsequently performed under programmed temperature
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and time.

The corresponding geometrical parameters are defined in Fig. 5.1 for micro-

posts in a surface (h for cylindrical height, 2r for cylindrical diameter, and 2d

for cylindrical edge-to-edge distance). By varying these parameters, a total of 10

samples were fabricated.

5.2.3 Instrumentation

Contact angle measurements were performed at ambient temperatures using an

FTA1000 Drop Shape Analysis instrument (B Frame System, First Ten Angstroms,

Virginia, USA) equipped with an automated dispensing syringe and a computer-

controlled title stage. Water droplets of 5 µL in volume were dispersed on fab-

ricated samples. The contact angles were obtained by analyzing the sessile drop

images using Drop Shape Analysis software affiliated with the instrument. Five

drop tests were performed on each sample and the average angle was adopted for

wetting characterization. In order to measure the roll-off angles, stage tilt angle

was gradually increased at a speed of 1 deg/sec from 0◦ until the point where the

water droplet started to move along the stage.

An RSX-1 Rotation Stage (Newport Research Corp (NRC), CA, USA) is

placed on the FTA1000 sample stage to align the angles with the camera of the

FTA1000 system.

Optical images were obtained using the Moticam 2300 digital camera (Motic

Instruments Inc., B.C., Canada).

Coating surfaces were imaged using an atomic force microscope (AFM) (Nte-

gra Prima, NT-MDT Co., Moscow, Russia) in semi-contact mode. The coating
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Figure 5.2: RSX-1 used to rotate the angles aligned with the camera in the
FTA1000 system.

samples were fixed on adhesive tape before AFM scans were performed. The

probe used contained a tetrahedral tip with a height of 14–16 µm and a typical

curvature radius of 6 nm. The tip was mounted on a rectangular single crystal

silicon (N-type, antimony doped) cantilever with a thickness of 2 µm, a resonant

frequency of 140-390 kHz and a force constant of 3.1–37.6 N/m.

5.3 Results and discussion

5.3.1 Wetting properties of self-assembled coatings

Smooth bare glass slides have a contact angle of 30.8 ± 1.6◦, which indicates a

strong hydrophilic property. Simply immersing a smooth glass slide in a hydrol-

ysed oxysilane solution led to a hydrophobic surface. For example, a 107.6◦ WCA
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was obtained on a glass surface after 10 min immersion and a 112.7◦ WCA was

observed on a surface after 1 h immersion (Fig. 5.3). Evidently, the oxysilane

coating process has converted the glass slides from hydrophilic to hydrophobic.

Different immersion times were trialled on smooth glass slides: 10 min, 30 min, 1

h, 2 h and 4 h. Greatest contact angle was observed on 1 h immersion (Table 5.1).

It shows a simple process as short as 10 min could already coat a considerable

hydrophobic coating on a surface.

Figure 5.3: Contact angles on: (a) bare glass slide, 31.0◦, (b) 10 min immersion
in solution, 107.6◦, (c) 1 h immersion in solution, 112.7◦.

AFM images in Fig. 5.4 reveal the surface morphology of bare glass and

coated glass slides at different immersion times. The roughness average values,
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for example, root mean square (RMS) and roughness average, were determined

over AFM images scanned in 50×50 µm2 scale and presented in Table 5.1. The

smooth bare glass surface had a 6.6 nm RMS and 5.3 nm roughness average.

After coating, a 10 min immersion time created a surface with a 0.24 µm RMS

and 0.19 µm roughness average. From 10 min to 1 h, the roughness values of

coated surfaces increased. From 1 h to 4 h, the roughness values decreased in an

unsteady way and so did the WCA. Among the different deposition times, 1 h

deposition gives the highest RMS (0.55 µm) and roughness average (0.38 µm),

and as well as the greatest contact angle (112.7◦).

Figure 5.4: Surface morphology at 50×50 µm2 scan scale of: (a) bare glass, (b)
glass slide after 10 min immersion, (c) glass slide after 1 h immersion.
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Table 5.1: Measured contact angles and roughness values.

Immersion WCA RMS Roughness
time (◦) (µm) average (µm)
10 min 107.9± 1.6 0.24 0.19
30 min 103.1± 1.0 0.26 0.21
1 h 112.7± 2.1 0.55 0.38
2 h 105.3± 0.7 0.32 0.23
4 h 107.4± 1.2 0.41 0.30

The coating mechanism under mild conditions is worthy discussing, as this

procedure provides an environmentally friendly and energy-efficient alternative.

A self-assembly procedure is proposed here. Firstly, the functional moieties (-

OCH3) of oxysilane react with -OH groups in water and form silanetriols, which

carry three reactive -OH groups in one single molecule (Fig. 5.5). The possibility

cannot be ruled out that these oxysilane molecules are only partially hydrolysed.

These silanetriols subsequently react with each other in the presence of protic

acids and form dimers, trimers or polymers in a self-condensation procedure.

The long alkyl groups on these polymerized molecules ensure the hydrophobicity

of a surface coated with these polymers.

Further more, silanetriols can also form hydrogen bonding with the hydroxyl

groups that usually appear on the glass surface. With the catalysis of H+ ions,

they react with the hydroxyl groups and form covalent bonds with two neighbour-

ing hydroxyl groups (Fig. 5.6). By forming water molecules, the third hydroxyl

groups on two neighbouring attached silanetriols can further react with each other

to form Si–O–Si covalent bonds (not shown). Thus, a single layer of molecules

can form on the glass surface with hydrophobic alkyl groups on the surface.

Fig. 5.7 depicts schematically the formation of an ordered amorphous polysilox-
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Figure 5.5: Hydrolysis and self-condensation of functionlized silanes [19].

Figure 5.6: Silanetriols react with hydroxyl groups on the surface [20].

ane or homogeneous self-assembled monolayer [20]. Each unit represents a single

silanol molecule after oxysilane hydrolysis, with the rounded head denoted as the
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hydroxyl groups and the tail as the alkyl group on the other end.

Figure 5.7: Self-assembly mechanism of silanetriols [20].

The existence of a mixed hydrophilic/hydrophilic environment (water and

ethanol here) is essential for the self-assembly procedure [20]. Due to Van der

Waals force and the hydrophilic/hydrophilic effect, silanol molecules self-organize

to form a crystalline structure and this is similar to the common micelle pro-

cedure. It is expected that there is a competition between the silanol-silanol

self-condensation and silanol self-assembly processes. Usually, the silanol-silanol

self-condensation occurs much more slowly than the self-assembly process. In this

study, the possibly dominating self-assembly process created bumpy surfaces on

glass slides.

Several disadvantages of this procedure, however, were discovered. Within all

the coating times including 10 min, translucent films were obtained on transparent

glass slides. The ratio of water/ethanol can possibly be manipulated to control
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the film thickness to meet certain optical requirements. Water droplets of 5

µL stuck firmly to the surface even when the surface was turned upside down.

The roughness might also be controlled to reduce water adhesion by the surface,

towards the fabrication of super hydrophobic surfaces. The upper layer of the

film can be rubbed off easily, probably due to the weak interaction between layers.

Dopamine, a mimic molecule of mussels’ adhesive proteins, can be possibly added

into the oxysilane solution, given its ability to self-polymerize in mild conditions

(pH∼8.5 in room temperature) and to stick to almost any surface [21].

5.3.2 Anisotropic wetting on micro-post surfaces fabri-

cated with photo-lithography

Three groups of surfaces micro-textured with square arrays of microscopic cylin-

drical posts were designed and fabricated using photo-lithography. However, only

data of samples with geometry confirmed by SEM are shown and discussed here.

Fig. 5.8 shows the top views and SEM 45◦ views of two samples with same

edge-to-edge distance (2d = 25 µm) and diameter (2r = 50 µm) but different

cylindrical heights (h = 60 and 65 µm). Two samples are denoted here as H60

and H65 based on their actual cylindrical heights.

5.3.2.1 Contact angles on micro-post surfaces

Based on the surface geometry shown in Fig. 5.1, there are four axisymmetric

axes: two lattice lines and two diagonal lines. Water contact angles (WCA)

on lattice and diagonal directions were obtained when aligning these two lines

perpendicular to the observation direction. The side views of water droplets on
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Figure 5.8: Optical top-views and SEM images of micro-posts with same 2r and
2d but varying heights: (a) h = 60 µm and (b) h = 65 µm (all scale bars = 50
µm).

samples H60 and H65 when the two directions were aligned up are compared

in Fig. 5.9. A distinct difference was also found on the water-surface contact

areas, from which WCA values were obtained. In addition, the bright spots in

the centre of the droplets, caused by the diffraction of light through the droplet,

have rectangle and square shapes respectively. Contact angles measured on the

lattice axis and the diagonal line directions are denoted as θla and θdi, respectively.

A distinct difference of approximate 15◦ between WCA values obtained on two

directions for the same sample was present.

Predicted contact angles were calculated using the Wenzel[22] and Cassie[23]

equations. The roughness factor for a Wenzel regime has the expression of rW =

1+2πrh/(2d+2r)2, where an increase of h leads to an increase of the cosθW value

and thus the Wenzel contact angle θW . The fraction of solid contacted by water

can be stated as f = πr2/(2d+ 2r)2 in a Cassie scenario, where h doesn’t appear

in the equation. The roughness of the flat tops, rf , was reasonably taken as unity

to calculate the Cassie contact angle θC . In calculations of theoretical contact
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Figure 5.9: Contact angles measured at (1) the lattice direction and (2) the
diagonal direction by depositing a 5 µL water droplet on samples (a) H60 and (b)
H65. Scale bar = 1.0 mm.

angles, 79◦ was adopted as the static water contact angle on the photoresist Su-8

smooth surfaces[24].

Roughness ratios “on the line” were also adopted to analyze contact angles

at different directions[11]. In these cases, 1D liquid-solid contact is considered

instead of 2D contact areas. For a homogeneous wetting, roughness ratios on the

lattice axis direction and the diagonal line direction can be stated as rW−la = 1 +

2h/(2d+2r) and rW−di = 1+2h/[
√

2(2d+2r)], respectively. For a heterogeneous

wetting, fractions of solid contacted by water on the lattice axis direction and the

diagonal line direction can be stated as fla = 2r/(2d+ 2r) and fdi = 2r/[
√

2(2d+

2r)], respectively. The corresponding predicted contact angles at two wetting

regimes and two directions, θW−la, θW−di, θC−la and θC−di are summarized in
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Table 5.2.

Table 5.2: WCA experimental and prediction using Wenzel and Cassie relations.

WCA H60 H65
θla 117.3 ± 2.2 119.4 ± 1.4
θdi 102.5 ± 1.6 100.9 ± 1.7
θW 59.2 57.4
θW−la 66.0 64.9
θW−di 60.2 58.6
θC 140 140
θC−la 116.1 116.1
θC−di 101.7 101.7

For the two samples, the calculated contact angles has a range of 57–59◦

when using the Wenzel equation and an identical angle of 140◦ when using the

Cassie relation. Measured contact angles, θla (117–119◦) and θdi (100–102◦), fall

between predicted ones using two models. It can be deduced that the classic ho-

mogeneous and heterogeneous models cannot be used here to directly explain the

wetting on these micro-post surfaces. Predicted Cassie WCA, θC−la (116.1◦) and

θC−di (101.7◦), however, are close to experimental ones. Therefore, the liquid-

solid contact fraction calculation using the current method “on the line” is rea-

sonably applicable here. Another similar method, the contact fraction on the

contact triple line, has also been introduced to successfully calculate contact an-

gles on micro-patterned surfaces[12]. This method will be discussed when the

contact triple lines are determined in later experiments. It can be deduced that

metastable Cassie wetting scenarios must exist on these surfaces, namely water

entering the asperities among the micro-posts but not yet touching the bottom.
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5.3.2.2 Water droplet and contact area patterns

Optical top views of water droplets of 1 µL in volume on these micro-decorated

surfaces show quasi-circular perimeters with similar radii (Fig. 5.10a). Since

all measured WCA values are greater than 90◦, the contact triple lines were

blocked by the droplet contours when viewing from the top. The liquid-surface

contact area was obtained after upper liquid was carefully removed with paper

towel[11]. Squircle-shaped contact footprints were formed on these surfaces (Fig.

5.10b). There is a minor difference between what was observed here and a sys-

tematic study of imbibition on micro-decorated surfaces on square and hexagon

lattices[10]. In the four corners of square contact footprints, the contact line rests

on two micro-posts across the diagonal direction of one single square lattice. In

literature, either a rectangle or a straight line was presented in these corners so

that the corresponding square or octagon shape was obtained.

Another observation that has to be pointed out is, the contact triple line

tends to stop on the diameter of the micro-posts, as the spinning force on a

single micro-post becomes the greatest at this position. This agrees with the

reported theoretical reasoning[25] and experiments[12]. The Cassie relation “on

the triple line” is more reasonably to be applied here[12]. On the straight lines

of the square shape that is also the lattice axis direction while measuring the

WCA, fraction of liquid-solid contact can be stated as fla = 2r/(2d+ 2r), which

remains the same as previously calculated. In the four corners of the square

shape that is also the lattice axis direction while measuring the WCA, fraction

of liquid-solid contact can be stated as fdi = 2r/[π(2d + 2r)/2]. For these four

samples, as the height h doesn’t appear on these two expressions, the constant
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Figure 5.10: Top views (1) of 1 µL water droplets resting on fabricated surfaces
(a) H60 and (b) H65 and the contact area footprint (2) after upper water was
carefully removed. Scale bar = 200 µm.

Cassie WCA values are obtained as θC−la−triple = 120.0◦ and θC−di−triple = 101.7◦.

The calculated θC−la−triple value is also close to the observed WCA values on the

lattice direction (119.4±1.4◦ on sample H65).

It can also be observed From Fig. 5.10 that the diagonal line lengths of

the squircle-shaped footprints are approximately close to the diameters of the

corresponding hypoellipse perimeters. The 3D shape of the droplets on these

samples can be constructed from the base as a squircle-shaped contact area with

the micro-textured surfaces developing upwards into a quasi-circular contour with

the greatest perimeter and continuously concluding as a dome. With close droplet

heights measured from the top to the surface, it thus can be deduced easily that

the contact angles measured on the diagonal line direction are smaller than these
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measured on the lattice direction, since the length of the former is longer than

that the latter while the contour on the surface plane is transforming gradually

from a squircle into a circle.

The effects of droplet volume on contact patterns were also studied by gently

depositing water droplets of varying volumes (1, 3, 5, 7, 9 µL) onto the same

specimen (Fig. 5.11). Similar quasi-circular droplet contours and squircle-shaped

contact patterns are obtained with different sizes as the droplet volume changes.

A curve, instead of a straight line, is explicitly observed on the corners of the

contact patterns with bigger droplet volumes.

Figure 5.11: Top views of water droplets (1) of varying volumes on sample H65
and the contact area footprints (2): (a) 1 µL, (b) 3 µL, (c) 5 µL, (d) 7 µL, (e) 9
µL. Scale bar = 200 µm.

5.3.2.3 Contact base lengths along the contact line

Comprehensive data for water droplets of varying volumes on all four samples

are summarized in Table 5.3. A few observations can be found here: (1) Contact

angles are always greater on the lattice direction than on the diagonal direction,
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(2) Water contact base lengths are always shorter on the lattice direction than on

the diagonal direction, (3) Droplet volume does not affect significantly contact

angles measured on the same sample, (4) Only minor difference in contact angle

is found on different samples of varying micro-post heights, (5) Water contact

base lengths measured on both the lattice and the diagonal direction increase

gradually with the droplet volume, but the difference between these two base

lengths can be considered constant (0.2–0.3mm) throughout Table 5.3.

Table 5.3: Contact angles and base lengths measured with water droplets of
varying volumes on group-1 samples with varying micro-post height h on the lattice
direction (denoted as “la”) and the diagonal direction (denoted as “di”).

1 µL 3 µL 5 µL 7 µL 9 µL
Sample CA Base CA Base CA Base CA Base CA Base

(◦) (mm) (◦) (mm) (◦) (mm) (◦) (mm) (◦) (mm)

H60
la 103 1.2 120 1.6 125 1.8 125 2.0 123 2.3
di 85 1.5 103 1.9 110 2.1 110 2.3 104 2.6

H65
la 120 1.0 120 1.5 125 1.8 124 2.1 130 2.1
di 103 1.2 110 1.7 110 2.1 110 2.3 113 2.4

When comparing the contact lengths on the lattice and diagonal directions

obtained from side views and contact footprints, the lengths obtained from side

views are always longer than the other. Considering the contact footprint are

obtained by carefully removing the upper liquid, it can be reasonably postulated

that the droplets deposited on these micro-textured surfaces have a contact regime

as shown in Fig. 5.12. This is to say, water fills the asperities of the inner contact

area and a metastable composite wetting scenario is present in the outer contact

area. When the upper liquid of the droplet is removed, the liquid near the outer

contact area detaches from the micro-posts and leaves only the contact area that
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the pores in the roughness are filled with water.

Figure 5.12: Sketch of a droplet on micro-textured surfaces.

5.3.2.4 Tilt stage experiments

Water droplets of 5 µL adhered firmly to the surfaces of H60 and H65 without

contact line movement while the surfaces were tilted gradually from horizontal

(0◦) to vertical (90◦) at a speed of 1 deg/sec. The WCA values measured at the

front and back of the droplet on sample H60 are shown in Fig. 5.13. When the

surface tilt angle increased, the front contact angle increased slowly (from 117 to

122◦) and the back contact angle decreased at a relatively large slope (from 117

to 109◦).

The front and back contact angles, even though different from advancing

and receding angles, respectively, can provide adhesion information between the

droplet and the surface during the tilting process. The roll-off angle α of drop

can be estimated by the following relation[26]:

(cos θRec − cos θAdv)γLV = mg sinα/rdrop (5.1)
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Figure 5.13: Contact angles measured at the front and back of the droplet on
sample H60 at different surface tilt angles.

Previous report[27] has demonstrated that no kinetic barrier exists for advancing

but it does for receding part of a droplet. The energy barrier to be overcome by

the droplet for movement equals the energy that the work of adhesion does along

the receding edge of the droplet.

The dynamic values of front and back contact angles can be an analogue to the

relation of advancing and receding angles stated in eq 5.1. The cos θback−cos θfront

value, can reasonably be related to the adhesion force between the droplet and

the surface at different surface tilt angles. The change of this value with surface

tilt angle is shown in Fig. 5.14. A trendline in black with a 0.91 R-squared value

was approximated based on the actual cos θback − cos θfront values. As indicated

by the trendline, the liquid-surface adhesion increases linearly with the surface

tilt angle during the tilt experiment at range 0–90◦.
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Figure 5.14: The (cos θback − cos θfront) value versus surface tilt angle on sample
H60 with a black trendline.

5.4 Conclusions

Different fabrication methods, for example self-assembly and photo-lithography,

were investigated in this chapter to make hydrophobic surfaces. Experiments

showed that brief immersion of glass slides in an ethanol solution of hydrolysed

oxysilane lead to a hydrophobic surface with micrometer roughness. The self-

assembly mechanism of oxysilane at ambient temperatures was also explained

using Chemistry and molecular interaction concepts. Hydrophobic surfaces with

square arrays of microscopic cylindrical posts were micro-textured on hydrophilic

materials using photo-lithography. Anisotropic wetting, namely two distinct con-

tact angles obtained on different directions, was observed on these surfaces. The

contact angle values were successfully explained by roughness “on the line” and

the Cassie equation. Squircle-shaped contact patterns were observed on droplets

resting on these surfaces. A nearly constant difference was revealed between the
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base lengths measured on the lattice and the diagonal directions. Finally, the

adhesion between the droplet and the surface was found to approximately change

linearly with the surface tilt angle.

References

[1] K. K. S. Lau, J. Bico, K. B. K. Teo, M. Chhowalla, G. A. J. Amaratung,

W. I. Milne, G. H. McKinley, and K. K. Gleason. Superhydrophobic carbon

nanotube forests. Nano Letters, 3:1701–1705, 2003. 113

[2] Baitai Qian and Ziqiu Shen. Fabrication of superhydrophobic surfaces by

dislocation-selective chemical etching on aluminum, copper, and zinc sub-

strates. Langmuir, 21(20):9007–9009, 2005. 113

[3] Kerstin Koch, Bharat Bhushan, Yong Chae Jung, and Wilhelm Barthlott.

Fabrication of artificial lotus leaves and significance of hierarchical structure

for superhydrophobicity and low adhesion. Soft Matter, 5:1386–1393, 2009.

113

[4] Bharat Bhushan, Kerstin Koch, and Yong Chae Jung. Biomimetic hierarchi-

cal structure for self-cleaning. Applied Physics Letters, 93:093101–093101–3,

2008. 113

[5] Reiner Furstner, Wilhelm Barthlott, Christoph Neinhuis, and Peter Walzel.

Wetting and self-cleaning properties of artificial superhydrophobic surfaces.

Langmuir, 21:956–961, 2005. 113

[6] Gisele Azimi, Rajeev Dhiman, Hyuk-Min Kwon, Adam T. Paxson, and

135



REFERENCES

Kripa K. Varanasi. Hydrophobicity of rare-earth oxide ceramics. Nature

Materials, 12(4):315–320, 2013. 113

[7] Bharat Bhushan and Eun Kyu Her. Fabrication of superhydrophobic surfaces

with high and low adhesion inspired from rose petal. Langmuir, 26(11):8207–

8217, 2010. 113, 114

[8] Laura Barbieri, Estelle Wagner, and Patrik Hoffmann. Water wetting tran-

sition parameters of perfluorinated substrates with periodically distributed

flat-top microscale obstacles. Langmuir, 23(4):1723–1734, 2007.

[9] Laura Vogelaar, Rob G. H. Lammertink, and Matthias Wessling. Superhy-

drophobic surfaces having two-fold adjustable roughness prepared in a single

step. Langmuir, 22(7):3125–3130, 2006. 114

[10] Laurent Courbin, Etienne Denieul, Emilie Dressaire, Marcus Roper, Armand

Ajdari, and Howard A. Stone. Imbibition by polygonal spreading on mi-

crodecorated surfaces. Nature Materials, 6(9):661–664, 2007. 114, 115, 128

[11] Xiying Li, Liqun Mao, and Xuehu Ma. Dynamic behavior of water droplet

impact on microtextured surfaces: The effect of geometrical parameters on

anisotropic wetting and the maximum spreading diameter. Langmuir, 29(4):

1129–1138, 2013. 114, 126, 128

[12] Simon Tylsgaard Larsen and Rafael Taboryski. A cassie-like law using triple

phase boundary line fractions for faceted droplets on chemically heteroge-

neous surfaces. Langmuir, 25(3):1282–1284, 2009. 114, 127, 128

[13] Mauro Sbragaglia, Alisia M. Peters, Christophe Pirat, Bram M. Borkent,

136



REFERENCES

Rob G. H. Lammertink, Matthias Wessling, and Detlef Lohse. Spontaneous

breakdown of superhydrophobicity. Phys. Rev. Lett., 99:156001, Oct 2007.

114

[14] A.M. Peters, C. Pirat, M. Sbragaglia, B.M. Borkent, M. Wessling, D. Lohse,

and R.G.H. Lammertink. Cassie-baxter to wenzel state wetting transition:

Scaling of the front velocity. The European Physical Journal E, 29(4):391–

397, 2009. 114

[15] Jihua Zhang, Zhongjun Cheng, Yongmei Zheng, and Lei Jiang. Ratchet-

induced anisotropic behavior of superparamagnetic microdroplet. Applied

Physics Letters, 94(14):144104, 2009. 115

[16] Susan Daniel, Sanjoy Sircar, Jill Gliem, and Manoj K. Chaudhury. Ratchet-

ing motion of liquid drops on gradient surfaces. Langmuir, 20(10):4085–4092,

2004.

[17] Kuang-Han Chu, Rong Xiao, and Evelyn N. Wang. Uni-directional liquid

spreading on asymmetric nanostructured surfaces. Nature Materials, 9(5):

413–417, 2010.

[18] O. Sandre, L. Gorre-Talini, A. Ajdari, J. Prost, and P. Silberzan. Moving

droplets on asymmetrically structured surfaces. Phys. Rev. E, 60:2964–2972,

Sep 1999. 115

[19] Xiaoyan Song, Jin Zhai, Yilin Wang, and Lei Jiang. Fabrication of super-

hydrophobic surfaces by self-assembly and their water-adhesion properties.

The Journal of Physical Chemistry B, 109(9):4048–4052, 2005. 122

137



REFERENCES

[20] Qingping Ke, Guanglu Li, Yue Liu, Tao He, and Xue-Mei Li. Formation of

superhydrophobic polymerized n-octadecylsiloxane nanosheets. Langmuir,

26(5):3579–3584, 2010. 122, 123

[21] Haeshin Lee, Norbert F. Scherer, and Phillip B. Messersmith. Single-

molecule mechanics of mussel adhesion. Proceedings of the National Academy

of Sciences, 103(35):12999–13003, 2006. 124

[22] Robert N. Wenzel. Resistance of solid surfaces to wetting by water. Industrial

& Engineering Chemistry, 28(8):988–994, 1936. 125

[23] A. B. D. Cassie and S. Baxter. Wettability of porous surfaces. Trans. Faraday

Soc., 40:546–551, 1944. 125

[24] Zhan Gao, David B Henthorn, and Chang-Soo Kim. Enhanced wettability

of an su-8 photoresist through a photografting procedure for bioanalytical

device applications. Journal of Micromechanics and Microengineering, 18

(4):045013, 2008. 126

[25] Gene Whyman, Edward Bormashenko, and Tamir Stein. The rigorous deriva-

tion of young, cassie—baxter and wenzel equations and the analysis of the

contact angle hysteresis phenomenon. Chemical Physics Letters, 450(4–6):

355–359, 2008. 128

[26] Wei Chen, Alexander Y. Fadeev, Meng Che Hsieh, Didem Oner, Jeffrey

Youngblood, and Thomas J. McCarthy. Ultrahydrophobic and ultralyopho-

bic surfaces: Some comments and examples. Langmuir, 15(10):3395–3399,

1999. 132

138



REFERENCES

[27] Lichao Gao and Thomas J. McCarthy. The ”lotus effect” explained:two

reasons why two length scales of topography are important. Langmuir, 22

(7):2966–2967, 2006. 133

139



REFERENCES

140



Chapter 6

Wetting and mechanical

properties of fluorinated

diamond-like carbon coatings

6.1 Introduction

Diamond-like carbon (DLC) is an amorphous form of chemically integrated di-

amond and graphite carbons, including a substantial proportion of the former.

Diamond carbons in the sp3 electron configuration contribute significant hardness,

mechanical durability and chemical inertness [1, 2], while graphite carbons with

hybridised sp2 orbitals provide electron conductivity. Different chemical elements

can be incorporated into a DLC coating to modify its surface energy, mechan-

ical hardness and biocompatibility for potential applications [3–5]. Specifically,

fluorine can be incorporated by applying a reactive fluorine-containing gas, such

as CF4, C2F4, and C2F6 together with a hydrocarbon gas such as CH4 during

141



6. WETTING AND MECHANICAL PROPERTIES OF
FLUORINATED DIAMOND-LIKE CARBON COATINGS

the plasma process [6]. The fluorine content can be manipulated by varying the

ratio of hydrocarbon gas to fluorine gas in the mixture. Fluorinated diamond-like

carbon (F-DLC) coatings substantially lower coefficient of friction, Young’s mod-

ulus and surface free energy values than fluorine-free counterparts [7–9]. F-DLC

coatings also suppress protein adsorption and platelet activation and thus become

useful for blood-contacting devices [10]. In general, appropriate F-DLC coatings

are potentially useful for hydrophobic-related applications.

Common DLC deposition methods can involve Physical Vapour Deposition

(PVD) or Chemical Vapour Deposition (CVD) [2]. Generally, CVD creates much

smoother coatings than PVD. F-DLC coatings have been fabricated by an RF or

DC Plasma Enchanced Chemical Vapour Deposition (PECVD) method to exploit

antithrombogenicity [4], inhibition of protein adsorption [10], antibacterial activ-

ity [11], and biofouling reduction [12]. A Closed-Field Unbalanced Magnetron

Sputtering (CFUBMS) system with its origins in the basic sputtering technique,

gradually developed from the conventional balanced magnetron in the 1970s, to

the unbalanced magnetron in the 1980s, and to the multi-source, closed-field

system in the 1990s [13]. CFUBMS has now prevailed over PVD methods for

preparing functional coatings, whose qualities are comparable to those achieved

with other CVD methods. Moreover, its advantages over PECVD, the most

popular laboratory method, including versatility, widespread use and scalability,

make this technique very promising for commercial purposes.

Unfortunately, there are few reports on wetting and mechanical properties of

F-DLC coatings prepared by CFUBMS. In this study, DLC and F-DLC coat-

ings were fabricated by varying the CF4 gas flow rate during the film deposition

stage of the CFUBMS method to optimise the combination of desirable proper-

142



6.2 Experimental details

ties for hydrophobic purposes. Specifically, surface chemistry, wetting property,

morphology, mechanical, and finite element analyses were performed on the fab-

ricated samples.

6.2 Experimental details

6.2.1 Preparation of DLC and F-DLC coatings

The DLC coatings were deposited onto stainless steel and Si(100) substrates using

a closed-field unbalanced magnetron sputtering system (UDP650/6, Teer Coat-

ings Ltd., UK). Inside the sputtering chamber, six rectangular cathodes were

evenly distributed around a 270 mm diameter substrate holder. Two pure Cr

targets and four pure graphite targets were coupled with these opposed cathodes.

A bias with pulse DC at a frequency of 250 kHz was applied to the substrate.

The target-to-substrate distance and rotation speed of the substrate holder were

maintained at 190 mm and 10 rpm, respectively. Prior to deposition, the sputter-

ing chamber was evacuated to a background pressure of 4×10−4 Pa and substrates

were sputter cleaned at a bias of -500 V for 30 min with the presence of Ar gas,

in order to remove oxide layers and surface contaminants. The 30 sccm flow rate

of 99.995 % pure Ar gas created a working gas pressure of 0.17 Pa.

In the deposition stage, a 0.2 µm adhesive Cr layer was prepared by first

applying a -80 V bias voltage for 5 min with a 5.0 A (DC) for Cr(2). Then a

composition gradient layer of CrCx (∼0.4 µm) was deposited for load support

by varying the Cr(2) current from 5.0 to 0 A and C(4) current from 0 to 3.0 A

while concurrently applying a -80 V bias voltage for 20 min. Finally, the DLC
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top layer of approximately 0.7 µm in thickness was formed by sputtering the

graphite targets with a power of ∼2 kW and maintaining the bias voltage at

-80 V and the C(4) current at 3.0 A (DC) for 60 min. No additional heating

were provided during the deposition procedure. The fluorine element addition

into DLC coatings was realized by introducing 99.995 % pure CF4 gas into the

chamber in the final deposition stage at different flow rates (0, 5, 10, 15, 20, 15,

30 sccm).

Each F-DLC film was denoted according to the CF4 flow rate; for example,

F-DLC10 indicates that the F-DLC film was deposited at the 10 sccm CF4 flow

rate.

6.2.2 Contact angle measurements

Contact angle measurements were performed at ambient temperatures using an

FTA1000 Drop Shape Analysis instrument (B Frame System, First Ten Angstroms,

Virginia, USA) equipped with an automated dispensing syringe and a computer-

controlled title stage. Water droplets of 5 µL were dispersed on fabricated sam-

ples. The contact angles were obtained by analyzing the sessile drop images using

the Drop Shape Analysis software version 2.1 affiliated with the instrument. Five

drop tests were performed on each sample and the average angle was adopted for

wetting characterization.

6.2.3 Surface characterization

The coating surface was imaged using an atomic force microscope (AFM) (Nte-

gra Prima, NT-MDT Co., Moscow, Russia) in semi-contact mode. The coating
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samples were fixed on adhesive tape before AFM scans were performed. The

probe used contained a tetrahedral tip with a height of 14–16 µm and a typical

curvature radius of 6 nm. The tip was mounted on a rectangular single crystal

silicon (N-type, antimony doped) cantilever with a thickness of 2 µm, a resonant

frequency of 140–390 kHz and a force constant of 3.1–37.6 N/m.

6.2.4 Surface chemistry

Surface elemental composition and chemical bond species were acquired using a

Kratos Axis ULTRA X-ray Photoelectron Spectrometer (Manchester, UK) incor-

porating a 165 mm hemispherical electron energy analyser. The incident radiation

was Monochromatic Al K X-rays (1486.6 eV) at 225 W (15 kV, 15 mA). Survey

(wide) scans were taken at an analyser pass energy of 160 eV and multiplex (nar-

row) high resolution scans at 20 eV. Survey scans were carried out over 1200–0

eV binding energy range with 1.0 eV steps and a dwell time of 100 ms. Narrow

high-resolution scans were run with 0.05 eV steps and 250 ms dwell time. Base

pressure in the analysis chamber was 1.0×10−9 torr and during sample analysis

1.0×10−8 torr. Atomic concentrations were calculated using the CasaXPS soft-

ware version 2.3.16 and a Shirley baseline with Kratos library Relative Sensitivity

Factors (RSFs). The main C1s component attributed to C-C and C-H bonds at

284.6 eV was chosen as a reference for calibrating the energy scale. Peak fitting

of the high-resolution spectra was also carried out using CasaXPS software.
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Figure 6.1: A Kratos Axis ULTRA X-ray Photoelectron Spectrometer used for
surface chemistry characterization.

6.2.5 Mechanical tests

A nanoindentation workstation (Ultra-Micro Indentation System 2000, CSIRO,

Sydney, Australia), equipped with a spherical Berkovich indenter (5 µm radius)

[14], was used to measure the mechanical properties of the coatings. Nanoinden-

tation was carried out under load control with a maximum load of 3 mN, under

which the maximum penetration depth was found to be less than 10% (0.15 µm)

of the film thickness. In this way it was ensured that only the film properties

were measured. For each individual measurement, 10 incremental and 10 decre-

mental steps were used, respectively. For each sample, 25 measurements were

performed and the corresponding results were collected for determining the mean

and standard error.
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6.2.6 Finite Element Analysis

Finite element modelling (FEM) was used to analyse the physical response of the

coating system to external loading. A two-dimensional (2D) axisymmetric model

was constructed with the loading direction along the axial z axis, using COMSOL

software version 4.3. Input parameters consisted of both structural and mechan-

ical properties of the coating systems obtained from experiments (see results and

discussion section). The model set-up has been described previously [15, 16], and

is briefly summarized below. The model assembly was comprised of a coating

(1.5 µm thick) on a stainless steel substrate (48.5 µm thick) frequently used for

surgical equipments. Accordingly, the simulation block was a rectangle measur-

ing 50×50 µm2. The surface of the coating was loaded under a spherical tipped

indenter with a radius of 5 µm. The coating was assumed to be bonded perfectly

to the substrate. Time-dependent deformation behaviours such as creep, as well

as surface roughness and contamination, were not considered in our simulations.

The contact between the indenter and the sample was assumed to be frictionless.

The bottom of the simulation model (z = 50 µm) was fixed in the z direction,

while the right edge of the block (x = 50 µm) was fixed in the x direction. The

axisymmetric axis coincided with the left edge of the simulation block (x = 0),

as such, 3D effects could be evaluated. The tip of the indenter was located at z

= 0 µm at the beginning of the simulation. The indentation loading process was

simulated as downward movements in successive steps of 0.01 µm each, beginning

from 0 up to 0.4 µm.
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6.3 Results and discussion

6.3.1 Surface chemical composition

Elements in the surfaces of DLC and F-DLC samples were identified as C, N,

O, and F, based on their corresponding 1s peak binding energies at 284.6, 399.3,

532.3, 687.3 eV. In contrast to the fluorine-free DLC sample (Fig. 6.2a), a distinct

F 1s peak appears in the XPS survey scans for all F-DLC samples, for example

F-DLC20 in Fig. 6.2b.

Figure 6.2: XPS survey scans for (a) DLC and (b) F-DLC20.

The atomic percentages for each element were calculated from the normalized

peak areas on the XPS survey spectra. Table 6.1 indicates that the carbon content
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decreases and the fluorine content increases when the CF4 flow rate increases from

0 to 20 sccm. Thus F/C atomic ratio also increases from 0 to 0.19 during the

same flow rate change (Fig. 6.3). However, when the flow rate was increased to

25 and 30 sccm, both the fluorine content and the F/C ratio remained relatively

constant at approximately 10 at.% and 0.14, respectively (Fig. 6.3, blue line). A

similar trend was found for the F/C ratio when the sample surfaces were briefly

etched by ions prior to XPS scanning (Fig. 6.3, red line).

Table 6.1: Thicknesses, atomic percentages and F/C ratios for DLC and F-DLC
samples.

Sample Thickness C1s N1s O1s F1s F/C
(µm) (at.%) (at.%) (at.%) (at.%)

DLC 1.2 93.2 0.8 5.9 0.2 0.00
F-DLC5 1.4 88.7 0.4 5.6 5.4 0.06
F-DLC10 1.5 85.6 0.5 5.9 8.0 0.09
F-DLC15 1.5 81.8 0.6 6.1 11.5 0.14
F-DLC20 1.7 80.4 0.8 6.2 12.6 0.16
F-DLC25 1.7 81.7 1.3 7.1 9.9 0.12
F-DLC30 - 82.9 1.4 7.1 8.6 0.10

Both DLC and F-DLC samples contain a negligible amount of nitrogen (∼1

at.%) and a minor amount of oxygen (∼10 at.%) on the surface. The presence

of these two elements can be attributed to contamination during fabrication or

handling. An approximate percentage of 10 at.% oxygen was also observed on

DLC samples prepared by the PEVCD method in the literature[17].

Different carbon bond states and their corresponding percentages were deter-

mined by performing deconvolution of the C 1s peaks on high resolution XPS

spectra. All samples contain a major C 1s contribution at the 284.6 eV position,

which was assigned as the C-C (or C-H) sp2 from vapor oil which can be used
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Figure 6.3: F/C atomic ratio changes with the CF4 gas flow rate.

for energy scale calibration. The peak fitting results for samples DLC, F-DLC10,

and F-DLC20 are shown in Fig. 6.4 and major carbon bond percentages for

five samples are shown in Table 6.2. The C1s spectrum of the DLC coating can

be deconvoluted into six Gaussian peaks corresponding to C-C sp2 (284.6 eV),

C-COO (285.1 eV), C-C sp3 (285.5 eV), C-O (286.6 eV), C=O (287.8 eV), and

COO (289.0 eV). Similarly, the C1s spectrum of the F-DLC coatings can be de-

convoluted into five peaks corresponding to C-C sp2, C-C sp3, C-O, C-CF (287.0

eV), and C-F (289.0 eV). The percentages of -CF2 and -CF3 bonding states were

either negligible or non-existent, since nearly no intensities were observed in the

C1s spectra for all F-DLC coatings in the corresponding ranges of 290.3-292 eV

and 292.6-294 eV, as previously reported [18]. Among these F-DLC samples, the

highest fluorine content was obtained at 14.0 at.% on F-DLC20, less than a re-

ported 20.7 at.% or higher where -CF2 bond exists in F-DLC coatings fabricated

by RF PECVD [12].
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Figure 6.4: Deconvolution of C1s peaks for (a) DLC (b) F-DLC10, and (c) F-
DLC20.

Table 6.2: Percentages of major carbon bond states.

Sample C-C & C=C C-O C-CF C-F
DLC 79.5 9.7 0 0
F-DLC5 80.1 10.2 6.4 3.2
F-DLC10 76.5 12.6 4.9 6.1
F-DLC15 68.8 9.5 14.0 7.8
F-DLC20 70.1 17.5 8.1 4.3
F-DLC25 70.4 9.3 13.5 6.8
F-DLC30 71.5 10.8 12.2 5.6

In the DLC coating, the C-O bond dominated among all the bond species

formed between carbon and oxygen atoms. In F-DLC samples, the percentages
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of C-CF and C-F bonds generally increased in the CF4 flow rate range 0–20 sccm.

While in the same flow rate range, the combined percentage of C-C sp2 and sp3

dropped approximately from 80% to 70% (Fig. 6.5).

Figure 6.5: Carbon bond species and their percentages with different F/C atomic
ratios: right vertical axis for C-CF and C-F bonds, left vertical axis for C-C and
C=C.

6.3.2 Water contact angle measurements

Greater water contact angles were obtained on all F-DLC coatings than on the

fluorine-free DLC coating (Fig. 6.6). A trend of contact angle versus gas flow

rate was found to be similar to that of the fluorine-to-carbon (F/C) atomic ratio

(Fig. 6.3): the contact angle increased from 73.8±1.9◦ to 87.6±0.6◦ when the

CF4 flow rate changed gradually from 0 to 20 sccm, and then declined steadily to

approximately 84◦ under further increase of gas flow rate to 25 and 30 sccm. The

presence and quantity of C-F bonds on the F-DLC surface probably contributed

to lowering the surface energy and increasing the water contact angle.
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Figure 6.6: Contact angles measured on DLC and F-DLC coatings.

6.3.3 Surface morphology

AFM scanning was performed on DLC and F-DLC samples, to relate the surface

morphology to the wetting properties. The representative line scans, 2D and 3D

images of DLC and F-DLC10 coatings are shown in Fig. 6.7. In contrast with

F-DLC10, the DLC sample had larger irregular particles on the surface, with

a typical height range of 72–90 nm. Root mean square (RMS) roughness values

were determined over 50×50 µm2 and 20×20 µm2 AFM images. The DLC sample

also had a much greater RMS (85.0 nm at the 50×50 µm2 observation scale) than

these of F-DLC samples (7–32 nm in Table 6.3). There is no direct relationship

between RMS and F/C atomic ratio for F-DLC coatings. RMS roughness of

about 30 nm was obtained for F-DLC5 and F-DLC25, 16.2 nm for F-DLC15, and

nearly 10 nm for F-DLC10 and F-DLC30. Smallest RMS roughness is observed

on F-DLC20 (3.0 nm). Given the relatively flat F-DLC surfaces indicated by

measured RMS and roughness average values, the other critical factor for wetting

property besides surface roughness, the surface energy, is more likely to follow
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closely the trend of contact angles. Even though smaller roughness values were

obtained than the 50×50 µm2 scale, a similar relationship between DLC and

F-DLC coatings was observed for RMS values at the 20×20 µm2 scale.

Figure 6.7: Line profiles, 2D and 3D AFM micrographs for (a) DLC and (b)
F-DLC10.

6.3.4 Nanoindentation studies

The DLC sample had a hardness of 23.5±1.3 GPa, which was between the re-

ported 80 GPa for tetrahedral amorphous carbon (ta-C) and 10–20 GPa for

amorphous carbon (a-C) and hydrogenated alloys (a-C:H) [2]. The DLC sam-

ple is likely to have the amorphous structure and this is consistent with other
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Table 6.3: Surface roughness analysis of DLC and F-DLC coatings.

50×50 µm2 20×20 µm2 5×5 µm2

Sample RMS Roughness RMS Roughness RMS Roughness
(nm) average (nm) (nm) average (nm) (nm) average (nm)

DLC 47.5 37.2 28.7 24.4 7.6 5.7
F-DLC5 27.4 23.2 8.1 6.0 3.7 2.7
F-DLC10 33.9 25.4 17.6 13.9 6.2 4.8
F-DLC15 16.2 13.7 8.8 5.3 3.9 2.9
F-DLC20 23.4 19.3 15.2 7.2 3.0 2.4
F-DLC25 30.8 26.1 12.3 10.0 4.2 3.3
F-DLC30 32.0 22.6 6.9 4.9 5.7 4.6

findings in this paper, such as 88.2 at.% for the carbon content, 60.9% and 18.7%

for C-C sp2 and sp3 bonding species percentages, respectively. With additional

fluorine elements incorporated into the coatings, hardness values declined when

the CF4 flow rate was increased from 5 to 30 sccm. However, as seen for several

other variables reported in this study, differences between 20, 25 and 30 sccm

treatments were relatively small. Even though there is a minor content of oxygen

on the surface for all DLC and F-DLC samples (∼10 at.%), the surface hardness

as a function of CF4 flow rate should remain the same trend. The integration of

fluorine into an amorphous carbon structure probably disrupted the cross-linked

diamond structure and thus the C-C sp3 bonding, as well as reducing surface

hardness [6].

Young’s modulus values for the DLC and F-DLC coatings also had an inverse

relationship with CF4 flow rate (or the actual fluorine content) in the range of

0–20 sccm with only small difference in the range 20–30 sccm. From DLC to F-

DLC5, the fluorine content increases from 0 to 4.8 at.%, and the Young’s modulus

drops distinctly from 236±9 to 202±6 GPa. For F-DLC30, the Young’s modulus
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Figure 6.8: Young’s modulus and hardness of DLC and F-DLC coatings.

drops significantly to 62±1 GPa. Along with the experimental results, DLC is

harder and stiffer than F-DLC coatings fabricated using the CFUBMS method

in this research.

6.3.5 Finite Element Analysis

Typical load-displacement curves were obtained by performing nanoindentation

experiments on DLC, F-DLC samples, and steel (Fig. 6.9). The experimental

values of elastic modulus (E ) and hardness (H ) of these samples, derived by fitting

the data, are presented in Fig. 6.10a. Different elastic modulus and the hardness

of the pure DLC coating have been reported, due to variations in deposition and

processing method. Results obtained in this research are in general agreement

with those depicted in the literature [19, 20].

At the highest CF4 flow rate (30 sccm), the Youngs modulus and the hard-

ness dropped to only 26% and 30% of those for the DLC sample, respectively.

Clearly, addition of CF4 gas during the fabrication stage resulted in a decrease
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Figure 6.9: Load-displacement curves for DLC and F-DLC samples obtained from
nanoindentation experiments.

in both the Youngs modulus and the hardness on the F-DLC coatings, although

the relationship is non-linear, with the fastest change occurred at the interme-

diate range (10–20 sccm). However, for the sample F-DLC10 with a relatively

high contact angle (84.7±1.3◦), there is only marginal decrease in the hardness

(<15%) compared to that of the DLC. Therefore, the sample F-DLC10 gives a

combination of considerable hydrophobic property and hardness.

Previous studies show that the hardness to modulus ratio, H/E, is an im-

portant parameter for predicting wear resistance [21]. Generally, the higher this

ratio, the better the wear resistance of the coating. With the highest H/E ratio

value clearly shown in Fig. 6.10b, F-DLC10 is expected to have the best wear re-

sistance among all the study samples. In addition, coatings with a high hardness

and a low elastic modulus, and therefore a high plastic resistance ratio H3/E2,

are more likely to resist plastic deformation under low loadings and hence exhibit
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a higher yield strength [22, 23]. As such, the sample F-DLC10 outperforms the

DLC coating in this respect (Fig. 6.10c).

Figure 6.10: Mechanical properties of the coatings derived from the nanoinden-
tation tests, (a) elastic modulus and hardness, (b) H/E, and (c) H3/E2.

The mechanical parameters obtained from the nanoindentation results (Table

6.4) were adopted for FEM analysis. The modelling results for the tensile and

von Mises stress for DLC and F-DLC10 are presented in Fig. 6.11. The higher

stress, as well as the associated plastic zone, was primarily concentrated within

the coating layer. Notably, plastic deformation appeared first in the DLC coating

and was located within two regions. The first one was at the interface between
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the coating and the substrate, at an indentation depth of 0.2 µm, and was caused

by excessive radial tensile stress (Fig. 6.11b). The second plastic region appeared

immediately below the indenter, and resulted from excessive von Mises stress at

a smaller indentation depth of 0.06 µm (Fig. 6.11d). At the same indentation

depth, the stress levels in these two regions were lower in F-DLC10, as no plastic

deformation was observed (Fig. 6.11a and c).

Table 6.4: Mechanical properties of DLC and F-DLC coatings (obtained from
nanoindentation experiments), and steel.

Sample CF4 Youngs Hardness H/E H3/E2

(sccm) modulus (GPa) (GPa)
DLC 0 236 23.5 0.0996 0.2330
F-DLC5 5 202 23.7 0.1173 0.3262
F-DLC10 10 169 20.1 0.1189 0.2843
F-DLC15 15 135 15.6 0.1156 0.2083
F-DLC20 20 86 10.2 0.1186 0.1435
F-DLC25 25 65 7.7 0.1185 0.1081
F-DLC30 30 62 7.2 0.1161 0.0971
stainless steel - 180 30 0.1667 0.8333

The two coatings, in terms of the size of the plastic zone is compared for the

two coatings in Fig. 6.12, which was obtained through subdomain integration of

the FEM results. Even using the conservatively estimated yield strength from

σy ∼ H /3 [24], which might underestimate the variable for the 10 sccm CF4

sample (see the discussion relating to Fig. 6.10c), there was still a significant

decrease in the volume of plastic zone in this coating. Generally speaking, for the

same indentation depth, in the 10 sccm CF4 sample the plastic zone resulted from

the radial tensile stress was reduced by ∼35%, and that resulted from the von

Mises stress was reduced by ∼25%, compared to those in the pure DLC coatings,
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Figure 6.11: Stress distribution within the coatings, obtained from FEM sim-
ulations: (a) radial stress σr in F-DLC10, indentation depth 0.2 µm, (b) radial
stress σy in the DLF coating, indentation depth 0.2 µm, (c) von Mises stress σvm
in F-DLC10, indentation depth 0.06 µm, and (d) von Mises stress σvm in the DLC
coating, indentation depth 0.06 µm. Plastic deformation will occur in the DLC
coating ((b) and (d)) due to excessive stress level, but not in F-DLC10.

respectively. Subsequently, F-DLC10 shows a better damage tolerance than the

DLC coating.

Figure 6.12: The size of the plastic zones in the DCL and F-DLC10 coatings as
a function of indentation depth, resulted from (a) radial tensile stress, and (b) von
Mises stress.
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6.4 Conclusions

DLC and F-DLC coatings with different fluorine contents were successfully fabri-

cated by adjusting the CF4 flow rate during the CFUBMS deposition procedure.

The fluorine content and C-F bond percentages on the coating surface were in-

creased with escalating CF4 flow rate. Smoother surfaces, revealed by smaller

RMS and roughness average values, were obtained on F-DLC coatings than on

the DLC sample. Incremental incorporation of fluorine into DLC samples also led

to a noticeable increase in water contact angle and a substantial decrease in both

Youngs modulus and hardness. The mechanical properties of F-DLC10 sample

were studied by nanoindentation and FEM. While there is a slight decrease in

the Youngs modulus and hardness compared to the DLC sample, its H /E value,

and hence the wear resistance, is the best amongst all samples studied. F-DLC10

also has a better damage tolerance than the DLC sample. As such, the proper-

ties of this particular sample, including relatively high contact angle and strong

mechanical properties, make it well suited for hydrophobic applications such as

in surgical tools.
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Chapter 7

Wetting and mechanical

properties of fluorinated and

fluorine-free diamond-like carbon

coatings

7.1 Introduction

In the previous chapter, fluorinated diamond-like carbon (F-DLC) coatings were

fabricated using the closed-field unbalanced magnetron sputtering (CFUBMS)

method with varying CF4 gas flow rates. In this chapter, two groups of DLC

samples were discussed: DLC deposited with the presence of varying C2H2 flow

rate and DLC-F fabricated with the presence of both varying CF4 gas flow rates

and a fixed C2H2 flow rate. The surface chemistry, morphology and mechanical

properties are compared here.
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In regard to the tribological properties of a protective coating, the optimum

hardness (H ) and elastic modulus (E ) values are always the objective to achieve.

While hardness is widely held as an important factor, other parameters, such as

the hardness-to-modulus ratio (H/E), plasticity index and the expression H3/E2,

also play a critical role in the material’s toughness [1]. H/E is an indicator for

the gap between energy dissipation by elastic and plastic deformation in the

indentation contact [2]. Higher H/E values can help the coating sustain high

critical loads for the elastic/plastic transition. In addition, a higher H/E value

leads to in a lower plasticity index and a more elastic contact [1]. For hard

elastic coatings, immediate recovery occurs in indentation and the plasticity is

minimised. The plasticity index is the ratio of plastic work done to total work

done [3].

Overcoat films are generally assumed to be resistant to plastic strain during

contact and coating cracking is observed to be directly involved with plastic defor-

mation [4]. The load required for the initiation of plastic deformation, Py, can be

related to the radius r of a rigid sphere that is in contact with an elastic/plastic

half-space by the following equation [5]

Py = 0.78r2
H3

E2
(7.1)

A high contact load will be needed for plastic deformation on a film with a high

value of H3/E2. Therefore, this value can be used to quantify the resistance of a

coating to plastic deformation.

The H/E and H3/E2 values for these DLC and DLC-F samples are also com-

pared to find a hard elastic coating that is suitable for the purpose of mechanical
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protection.

Statistical roughness measurements, i.e. root mean square roughness (Rrms)and

roughness average (Ra), are obtained from AFM scans and generally used to char-

acterize surface roughness. Rrms is defined as the square root of the summation

of squared vertical deviations divided by the number of data points minus 1.

Rrms =

√√√√√√
n∑
i=1

(Zi − Z̄)2

n− 1
(7.2)

where Zi is the vertical height of each sampled data point, and Z̄ is the average

vertical height of the sampled surface. Therefore, Rrms really represents the stan-

dard deviation of the surface height from its height average. Ra is the arithmetic

average of vertical deviations and can be expressed as

Ra =

n∑
i=1

|Zi − Z̄|

n
(7.3)

7.2 Experimental details

Fabrication of DLC coatings, contact angle measurements, surface characteriza-

tion, mechanical tests and other experimental details can refer to the previous

chapter.

The DLC samples deposited with the presence of varying C2H2 flow rate were

denoted based on the flow rate. This series includes five samples: DLC5, DLC10,

DLC20, DLC25 and DLC30.

The DLC-F fabricated with the presence of both varying CF4 gas flow rates
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and a fixed C2H2 flow rate of 10 sccm were donted in a similar way (based on

the CF4 flow rate). This series includes five samples as well: DLC-F5, DLC-F10,

DLC-F15, DLC-F20 and DLC-F25.

7.3 Results and discussion

7.3.1 Surface chemical composition

Elements presented in the surfaces of DLC and DLC-F samples were identified as

C, N, O, and F, based on their corresponding 1s peak binding energies at 284.6,

399.3, 532.3, 687.3 eV.

Figure 7.1: XPS survey scans for two DLC samples: (a) DLC5 and (b) DLC20.
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Carbon and oxygen were found as the major elements on five DLC samples

from their XPS spectra, with approximately 90% and 10% atomic percentages,

respectively (Table 7.1). There is, therefore, no clear relationship between atomic

percentage and C2H2 flow rate. The incorporation of oxygen into the DLC sam-

ples can be attributed to contamination during fabrication or contact with air.

Table 7.1: Atomic percentages and bond species for DLC samples fabricated at
different C2H2 flow rates.

Sample C1s O1s C=C C-C C-O C=O
(at.%) (at.%) (%) (%) (%) (%)

DLC5 90.1 9.9 57.2 34.2 3.9 4.7
DLC10 92.1 7.9 65.6 22.9 7.5 4.0
DLC20 86.6 13.4 81.3 10.9 6.5 1.4
DLC25 90.2 9.8 82.9 9.5 3.7 3.9
DLC30 90.8 9.2 72.6 13.1 10.4 3.9

Four carbon bond species were found on these five DLC samples by resolving

their XPS C1s spectra, namely C=C sp2 at 284.60 eV calibrated as the binding

energy reference, C-C sp3 at around 285.3 eV, C-O bond at about 286.4 eV, and

C=O bond at approximately 287.8 eV (Fig. 7.2). The C=C sp2 bond percentage

increases with the C2H2 flow rate from 57.2% to 82.9% when the rate reaches 25

sccm, and then drops to 72.6% at 30 sccm C2H2 flow rate. The C-C sp3 bond

percentage has a reverse trend to the C=C sp2 bond percentage (Fig. 7.3). The

data indicate that the sample DLC25 is possibly a turning point, in regard to the

C=C sp2 and C-C sp3 bond percentages, for this series of samples fabricated with

varying C2H2 flow rates, even though no further data have been acquired for C2H2

flow rates greater than 30 sccm. Similar to the atomic percentages presented in

Table 7.1, there were no clear trends for C-O and C=O bond percentages.
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Figure 7.2: Carbon bond species for three DLC samples: (a) DLC5, (b) DLC25
and (c) DLC30.

As for DLC-F samples, carbon, oxygen and fluorine elements appear dis-

tinctly on each XPS spectrum (Fig. 7.4). In the meanwhile, with a CF4 flow

rate increasing from 5 to 25 sccm and a C2H2 flow rate fixed at 10 sccm during

deposition, carbon atomic percentage declines from 86.9 at.% to 80.4 at.% and

fluorine atomic percentage increases from 2.1 at.% to 9.4 at.% (Table 7.2). Oxy-

gen atomic percentage remained nearly the same, at about 11.0 at.%. The F/C

atomic ratio increased steadily from 0.02 for DLC-F5 to 0.12 for DLC-F25 (Fig.

7.5).

Compared to DLC5-30 samples, DLC-F5-25 samples contain the same C=C

sp2, C-C sp3, and C-O bonds, but not the C=O bond. In addition, C-F and
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Figure 7.3: Carbon bond percentages for C=C sp2 and C-C sp3 in five DLC
samples.

Table 7.2: Atomic percentages and F/C ratios for DLC-F samples.

Sample C1s O1s F1s F/C
(at.%) (at.%) (at.%)

DLC-F5 86.9 11.0 2.1 0.02
DLC-F10 86.3 11.0 2.8 0.03
DLC-F15 83.8 12.0 4.2 0.05
DLC-F20 82.3 12.2 5.5 0.07
DLC-F25 80.4 10.3 9.4 0.12

C-CF bonds appeared on the XPS C1s spectra (Fig. 7.6).

The percentages of carbon bond components, as shown in Table 7.3, all have

turning points versus the increasing CF4 flow rate from 5 to 25 sccm. The per-

centage of C=C sp2 and C-C sp3 bonds combined, declined from 84.5% to 73.0%

on DLC-F20, and then rose to 77.2% on DLC-F25. The percentages for C-O and

C-CF bonds have an opposite trend. They both increased steadily to the peak

results on DLC-F20, and then dropped on DLC-F25. A trend is also found on the
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Figure 7.4: XPS survey scans for two DLC-F samples: (a) DLC-F10 and (b)
DLC-F25.

Table 7.3: Percentages of major carbon bond states.

Sample C=C & C-C C-O C-CF C-F
(%) (%) (%) (%)

DLC-F5 84.5 6.1 4.5 4.8
DLC-F10 83.2 6.8 5.5 4.4
DLC-F15 75.0 11.1 7.2 6.8
DLC-F20 73.0 14.2 7.3 5.5
DLC-F25 77.2 11.9 6.7 4.1

percentage of C-F bond, similar to that of C-O and C-CF bonds, even though a

slightly higher result (4.8%) was found on DLC-F5 than on DLC-F10 (4.4%), and

the peak result (6.8%) was found on the sample DLC-F15 instead on DLC-F20.
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Figure 7.5: F/C atomic ratio changes with the CF4 gas flow rate.

7.3.2 Water contact angle measurements

Water contact angles declined steadily with the C2H2 flow rate increasing from 5

to 30 sccm during DLC coating fabrication (Fig. 7.8). Highest WCA was obtained

on DLC5 as 85.6±0.3◦. From DLC5 to DLC30, the WCA dropped about 5.5◦.

As for DLC-F samples, highest WCA was obtained on DLC-F5 as 85.7±0.3◦.

From DLC-F10 to DLC-F25, the WCA increased slowly from 82.1±1.2◦ to 83.1±0.5◦.

Compared to the F/C atomic ratio change (Fig. 7.5), there is only a slight in-

crease on the WCA value for these DLC-F coatings.

7.3.3 Surface morphology

Fig. 7.10 reveals two different surface topographies on DLC samples: pebble-like

and granule-like. The pebble-like topography was only observed on DLC10, and

the granule-like topography was found on other four DLC samples. There is no

explicit explanation, however, to describe the formation mechanisms for these
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Figure 7.6: Carbon bond species for three DLC-F samples: (a) DLC-F10 (b)
DLC-F20 and (c) DLC-F25.

two topographies, with current data acquired.

Root mean square (RMS) and roughness average values were determined over

AFM images scanned in 50×50 µm2, 20×20 µm2 and 5×5 µm2 observation scales

and presented in Table 7.4. Evident difference was observed on different scales,

especially between 50×50 µm2 and either of the other two scales: higher rough-

ness values were obtained on 50×50 µm2 than smaller scales. It is spontaneous

that different values are acquired in varying scales, and therefore roughness is in-

fluenced by scanning scale. However, most roughness values obtained on 20×20

µm2 and 5×5 µm2 scan scales are similar. It indicates that in a reasonably scale

size (∼ 20×20 µm2), roughness values reach a saturation and therefore relatively
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Figure 7.7: Carbon bond percentages for C=C sp2 and C-C sp3 in five DLC-F
samples.

Figure 7.8: Contact angles measured on five DLC coatings.

reliable for roughness characterization.

In this series, lowest RMS and roughness average values were observed on

DLC25 as 4.2 nm and 3.4 nm, respectively. Highest roughness values were ob-

tained on DLC30 to be 5.7 nm and 4.6 nm. The roughness values of other DLC

samples spread between these two narrow ranges (4.2–5.7 nm and 3.4–4.6 nm).
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Figure 7.9: Contact angles measured on five DLC-F coatings.

Table 7.4: Surface roughness analysis of DLC5-30 coatings.

50×50 µm2 20×20 µm2 5×5 µm2

Sample RMS Roughness RMS Roughness RMS Roughness
(nm) average (nm) (nm) average (nm) (nm) average (nm)

DLC5 7.4 6.0 4.4 3.7 4.1 3.1
DLC10 9.8 7.9 5.6 3.9 3.9 3.1
DLC20 17.1 13.9 5.2 4.1 5.9 4.7
DLC25 9.2 7.6 4.2 3.4 2.7 2.2
DLC30 11.4 9.2 5.7 4.6 6.6 5.2

Higher C2H2 flow rates during coating deposition are likely to increase the surface

roughness of DLC coatings.

The roughness values for DLC-F samples obtained in three scan scales are

shown in Table 7.5. Based on previous discussion in regard to AFM observation

scales and due to the same reason, the roughness values obtained in the 20×20

µm2 scale were adopted for surface characterization. Highest roughness values

were obtained on DLC25 to be 7.6 nm and 5.4 nm. Other four DLC-F samples

have similar RMS (5.2–6.0 nm) and roughness average (4.2–4.7 nm). With a
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Figure 7.10: 2D (1) and 3D (2) micrographs for two DLC coatings at 5×5 µm2

scan scales : (a) DLC10 and (b) DLC30. Insets: 2D micrographs at 1×1 µm2 scan
scales.

Table 7.5: Surface roughness analysis of DLC-F5-25 coatings.

50×50 µm2 20×20 µm2 5×5 µm2

Sample RMS Roughness RMS Roughness RMS Roughness
(nm) average (nm) (nm) average (nm) (nm) average (nm)

DLC-F5 11.1 9.0 5.8 4.7 5.5 4.5
DLC-F10 11.0 9.3 6.0 4.2 5.8 4.4
DLC-F15 11.2 8.9 5.2 4.3 4.3 3.4
DLC-F20 8.1 6.2 5.2 4.5 3.9 3.3
DLC-F25 11.3 9.3 7.6 5.4 4.4 3.5
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10 C2H2 flow rate during surface fabrication, the CF4 flow rate change from 5

to 25 sccm has slight influence on the coating roughness. Compared to DLC

samples, apparently higher RMS and roughness average values were observed on

corresponding DLC-F samples. The incorporation of fluorine into DLC samples

contributes to higher roughness of the coating surface.

The AFM micrographs of three DLC-F coatings are shown in Fig. 7.11. Simi-

lar to DLC coatings, both the pebble-like and the granule-like morphologies were

presented on this series of DLC-F coatings. The pebble-like was only observed

on DLC-F20 and the granule-like was found on other four DLC-F samples.

7.3.4 Nanoindentation studies

Both the Young’s modulus (E ) and hardness (H ) of the DLC samples decline

steadly with the increasing C2H2 flow rate (Fig. 7.12). The narrow range of

hardness for DLC samples, 16.8–26 GPa, is close to 10–20 GPa for amorphous

carbon (a-C) and hydrogenated alloys (a-C:H) and much lower than 80 GPa for

tetrahedral amorphous carbon (ta-C). Combined with the C=C sp2 and C-C sp3

percentages presented in Fig. 7.3, the decrease in hardness can be explained by

the increasing C=C sp2 percentage and decreasing C-C sp3 percentage in the DLC

series except for DLC30, in which the tendency of both percentages reverse. The

substantial percentage of C-O bond in DLC30 (Table 7.1) is probably attributed

to the continuing decrease of hardness.

The H/E value of DLC samples increases steadily with the C2H2 flow rate

(Fig. 7.13). The H3/E2 value first drops slightly at DLC10, then increases

slowly to the peak at 0.3495, and continuously drops to the valley at 0.3009 for
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Figure 7.11: 2D (1) and 3D (2) micrographs for three DLC-F coatings at 5×5
µm2 scan scales: (a) DLC-F5, (b) DLC-F10 and (b) DLC-F20.

the sample DLC30.

Both the Young’s modulus and hardness values measured on DLC-F coatings
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Figure 7.12: Young’s modulus and hardness of DLC coatings.

Table 7.6: Mechanical properties of DLC coatings (obtained from nanoindentation
experiments), and steel.

Sample C2H2 Youngs Hardness H/E H3/E2

(sccm) modulus (GPa) (GPa) (GPa)
DLC5 5 230 26.1 0.1137 0.3372
DLC10 10 220 25.2 0.1148 0.3325
DLC20 20 194 23.6 0.1217 0.3495
DLC25 25 167 21.3 0.1273 0.3454
DLC30 30 125 16.8 0.1340 0.3009

show a similar trend versus the CF4 flow rate in Fig. 7.14: both values decrease

from DLC-F5 to the valley on DLC-F10, then increase to the peak on DLC-

F20, and finally decrease again on DLC-F25. The valley and peak values for

Young’s modulus are 126 and 166 GPa, and for hardness are 15.5 and 19.1 GPa,

respectively. Therefore, in this F-DLC series, DLC-F10 is the softest and most

pliable, while DLC-F20 is the hardest and stiffest.

The trend of hardness can be postulated to be affected by C=C sp2 and C-C
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Figure 7.13: H/E and H3/E2 values for DLC coatings.

Figure 7.14: Young’s modulus and hardness values of DLC-F coatings.

sp3 bond percentages indicated in Fig. 7.7. On sample DLC-F10, the highest

C=C sp2 bond percentage and the second lowest C-C sp3 bond percentage were

obtained. On sample DLC-F20, the second lowest C=C sp2 bond percentage and

the third highest C-C sp3 bond percentage were observed. However, the hardness
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trend is not strictly in accordance with the ratio of C-C sp3 to C=C sp2 bond

percentages.

Table 7.7: Mechanical properties of F-DLC coatings (obtained from nanoinden-
tation experiments), and steel.

Sample CF4 Youngs Hardness H/E H3/E2

(sccm) modulus (GPa) (GPa) (GPa)
DLC-F5 5 146 17.7 0.1214 0.2605
DLC-F10 10 126 15.5 0.1228 0.2330
DLC-F15 15 153 17.9 0.1168 0.2438
DLC-F20 20 166 19.1 0.1152 0.2541
DLC-F25 25 153 17.8 0.1166 0.2422

The H3/E2 value has a trend similar to that of the Young’s modulus and

hardness trends (first decrease, then increase and decrease again, in Fig. 7.15).

The H/E value has a reverse trend.

Figure 7.15: H/E and H3/E2 values for DLC-F coatings.
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7.4 Conclusions

DLC and F-DLC coatings with different fluorine contents were successfully fabri-

cated by adjusting the CF4 flow rate during the CFUBMS deposition procedure.

The fluorine content and C-F bond percentages on the coating surface were in-

creased with escalating CF4 flow rate. Smoother surfaces, revealed by smaller

RMS and roughness average values, were obtained on F-DLC coatings than on

the DLC sample. Incremental incorporation of fluorine into DLC samples also

led to a noticeable increase in water contact angle and a substantial decrease in

both Youngs modulus and hardness.
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Chapter 8

Conclusions and future work

This study aimed to learn from nature and to engage relevant knowledge in

engineering designs. Since what is bio-inspired and designed will be applied back

in a resembling environment, this methodology brings in natural considerations

of many practical factors. Subsequently, various methods were adopted in the

research to fabricate rough surfaces that mimicked certain plant leaves, followed

by an investigation of their surface characteristics and wettability.

Native Australian leaves were firstly selected based on their hydrophobic-

ity. Four categories, namely hairy, palm-tree-like, micro-ridge and micro-bump,

were summarized based on their distinct surface morphologies. Different water-

repelling mechanisms leaves were postulated for these categories. For Eucalyptus

particularity, physical models were constructed and surface energy analysis was

carried out on the models. In contrast with Eucalyptus, greater cylindrical length

below the microscopic hemisphere in the lotus model increased the energy bar-

rier for the wetting transition, which is beneficial for hydrophobic stability. The

strong water adhesion on Eucalyptus leaves was also explained by a relatively
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larger liquid-solid contact area than for lotus.

Two common methods, self-assembly and photo-lithography, were examined

for fabricating hydrophobic surfaces. Brief immersion of glass slides in an ethanol

solution of hydrolysed oxysilane lead to a hydrophobic surface with micrometer

roughness. The self-assembly mechanism was explained using chemical reactions

and molecular interactions. Surfaces with periodic micro-posts were fabricated

by photo-lithography. Anisotropic wetting characterized with distinct contact

angles obtained on different directions, was observed on these surfaces. The

contact angle values were mathematically explained by roughness “on the line”

and the Cassie equation. Squircle-shaped contact footprints were observed on

droplets resting on these surfaces. A nearly constant difference was revealed

between the base lengths measured on the lattice and the diagonal directions.

Adhesion between the droplet and the surface could be approximated to change

linearly with the surface tilt angle.

DLC and F-DLC coatings with different fluorine contents were fabricated by

adjusting the CF4 flow rate during the CFUBMS deposition procedure. The flu-

orine content and C-F bond percentages on the coating surface increased with

escalating CF4 flow rate. Smoother surfaces, revealed by smaller RMS and rough-

ness average values, were obtained on F-DLC coatings than on the DLC sample.

Incremental incorporation of fluorine into DLC samples also led to a noticeable

increase in water contact angle and a substantial decrease in both Youngs mod-

ulus and hardness. The mechanical properties of F-DLC10 sample were studied

by nanoindentation and FEM. While there is a slight decrease in the Youngs

modulus and hardness compared to the DLC sample, its H /E value, and hence

the wear resistance, is the best amongst all samples studied.
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Further work following this research may greatly enhance the applicability

and scope of the approaches and methods discussed here. Specific geometries

observed on Australian native leaves, for example, palm-tree-like and micro-ridge,

can be explored more about mechanical and directional wetting properties, as well

as other functions. Materials that self-polymerize at ambient conditions, such

as dopamine, can be incorporated into oxysilane solution to make controllable

and durable hydrophobic coatings. Finally, deposition of thin F-DLC films on

micro-structures can make chemically inert and mechanically tough hydrophobic

surfaces.
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Appendix A

Operation of Atomic Force

Microscopy (AFM)

AFM (Ntegra Prima, NT-MDT Co., Moscow, Russia) was used in a semi-contact

mode to obtain roughness parameters and 3D surface profiles in this study. The

whole system is composed of a scanning unit, a controller and a data acquisi-

tion system (Fig. A.1). Controllers are usually chosen and integrated into the

system based on different modes and purposes, such as Atomic Force Acoustic Mi-

croscopy, Electrochemical Measurements, Liquid Measurements, Magnetic Field

Measurements, and NanoIndentation and sclerometry.

Other supplementary apparatuses are also included to assure convenient and

precise measurement. The optical microscope assists viewing the sample surface

and the probe, from which a relatively smooth area is chosen for scanning. The

anti-vibration lab table, on which the scanning unit sits, reduces the effects that

mechanical vibration causes during scanning. Below is a general description of

AFM scanning procedure.
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Before AFM scanning, samples are fixed on a plastic sample holder using

adhesive tape and mounted on the stage thereafter. The probe (type NSG10) used

here contains a tetrahedral tip with a height of 14–16 µm and a typical curvature

radius of 6 nm. The tip is mounted on a rectangular single crystal silicon (N-type,

antimony doped) cantilever with a thickness of 2 µm, a resonant frequency of 140–

390 kHz and a force constant of 3.1–37.6 N/m. Other properties of the probe

include: chip size: 3.4×1.6×0.3 mm, relfective side: Au, tip curvature radius: 10

nm, aspect ratio: 3:1–5:1, cantilever length: 95±5 µm, cantilever width: 30±5

µm, cantilever thickness: 1.5–2.5 µm.

Figure A.1: Configuration of a complete AFM system.
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A.1 Aiming of laser beam

A.1 Aiming of laser beam

After the sample and probe are mounted, the laser beam is aligned on the can-

tilever of the probe by adjusting the two screws on the scanning head (Fig. A.2).

The Aiming tab is opened when clicking the corresponding button on the

Main Operations Panel (Fig. A.3). The DFL value, the difference signal between

top and bottom halves of the photodiode, and the LF value, the difference signal

between left and right halves of the photodiode, are adjusted to zero by rotating

other two screws on the scanning head. The laser beam thus hits the photodiode

center and illuminates equally the four sectors.

Figure A.2: AFM scanning unit.

The Laser value on the Aiming tab indicates the sum of signal coming from
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Figure A.3: AFM aiming.

all four segments of the photodiode and is proportional to the intensity of the

laser radiation reflected from the cantilever. In Fig. A.3, the Laser value is 34.5.

A.2 Setting resonance frequency

In the Resonance tab, click the Run button to detect the resonance frequency

of the cantilever and to preset it in the program. The biggest symmetrical peak

is auto-picked by the detecting system. The Mag signal is usually set up to the

range of 10-35 nA by adjusting Amplitude (generator output) or Gain (gain of

the lock-in detector). In Fig. A.4, the Laser value is approximately 25. The

Generator Amplitude and Lock-In Gain have to be changed as necessary when a

distinct frequency cannot be found.
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Figure A.4: AFM resonance frequency detected by the system.

A.3 Approaching the surface

The sample is first manually brought close to the probe at a distance of 0.5-

1 mm by rotating the approach knob counterclockwise. With the “Auto Set-

point”button pushed down, an automatic approaching procedure begins after the

“Landing”button on the “Approach”tab is pushed. A message appears in the

information box on upper-left corner of the window when the procedure is fin-

ished. Under this “Auto Setpoint”setting, the “Set Point”value is automatically

set equal to half of the current Mag signal. Manual setting of the parameter “Set

Point”is available by typing a designated value into the text box behind the label.

Fig. A.5 shows the Mag signal after approach is completed. Nearly no noise

or oscillation on the Mag signal is observed in this case. Nevertheless, the pa-
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rameter “FB Gain”usually needs to be adjusted to reduce the noise generated

in the feedback loop. The magnitude of the scanner extension is characterized

by the length of the colored bar in the lower-left corner of the window. After

approaching, the Z-scanner stays at a position approximately half of the scanner

extension range. Subsequently, the system is ready for scanning.

Figure A.5: AFM approach.

A.4 Scanning the surface

A scan can started by pushing the “Run”button, after setting up mode, scanning

frequency and direction. The two-dimensional line profiles are collected line by

line from the bottom to the top (Fig. A.6). A three-dimensional topography is

thus acquired by combing the line profiles.
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Figure A.6: AFM scanning in process.

A.5 Image analysis and data processing

Raw AFM data can be processed with the Image Analysis P9 program (Build

3.5.0.2072) for surface images and topography profiles. After tilt surface subtrac-

tion, 2D and 3D surface images are obtained in the display window (Fig. A.7).

Statistic parameters, such as root mean square (RMS) and roughness average,

are retrieved by clicking the corresponding menu on the right side of the window

(Fig. A.8).
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Figure A.7: Date and image processing: 2D and 3D images.

Figure A.8: Date and image processing: statistic parameters.
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