
 
 
 
 
 
 
 
 
 

 

Hydrophobic surfaces: 

Effect of surface structure on wetting and 
interaction forces 

 

PETRA HANSSON 

 

 

 

 
Doctoral Thesis at the Royal Institute of Technology 

Stockholm 2012 



ii 

 

 
Akademisk avhandling som med tillstånd av Kungliga Tekniska Högskolan 
framläggs till offentlig granskning för avläggande av teknologie 
doktorsexamen fredagen den 2 november 2012 kl 10.00 i sal F3, KTH, 
Lindstedtsvägen 26, Stockholm. 
 
 
 
 
 
 
 
Petra Hansson. Hydrophobic surfaces: Effect of surface 
structure on wetting and interaction forces 
 
 
 
TRITA-CHE Report 2012:52 
ISSN 1654-1081 
ISBN 978-91-7501-506-4 
YKI Publication A-3055 
 
 
Denna avhandling är skyddad enligt upphovsrättslagen. Alla rättigheter 
förbehålles. 
 
Copyright © 2012 Petra Hansson. All rights reserved. No part of this thesis 
may be reproduced without permission from the author.  
 
The following papers are printed with permission: 
Paper I: Copyright © Royal Society of Chemistry  
Paper II, III and V: Copyright © American Chemical Society 
 
Printed at E-Print, Stockholm 2012 



iii 

 

Abstract 

The use of hydrophobic and superhydrophobic surfaces is of importance for 
many processes both in nature and industry. Interactions between 
hydrophobic species and their wetting behavior play a key role in industrial 
applications such as water-cleaning procedures, pitch control during 
papermaking, flotation processes but they also give information on how to 
design surfaces like hydrophobic mineral pigments.  
 
In this thesis, the influence of surface structure, roughness and chemistry on 
wetting and surface interaction forces has been studied. This was achieved 
by preparing surfaces with a defined structure and roughness. Surfaces with 
hexagonally close-packed particles, pore arrays, randomly deposited 
nanoparticles as well as flat reference surfaces were prepared. The atomic 
force microscope (AFM) was utilized for surface characterization as well as 
force and friction measurements while contact angles and confocal Raman 
microscopy experiments were mainly used for wetting studies. 
 
The deposition of silica particles in the size range of nano- to micrometers 
using the Langmuir-Blodgett (LB) technique resulted in ordered particle 
coated surfaces exhibiting hexagonal close-packing and close to Wenzel 
state wetting after hydrophobization. Force measurements using these 
particle coated surfaces displayed long-range interaction forces assigned to 
be a consequence of air cavitation between the surfaces. Smaller roughness 
features provided larger forces and interaction distances interpreted as being 
due to fewer restrictions of capillary growth. Friction measurements proved 
both the surface structure and chemistry to be important for the observed 
frictional forces. 
 
Wetting on hydrophobic pore array surfaces were shown not to be described 
by the well-established Wenzel or Cassie-Baxter models. Instead, the three-
phase contact line of water droplets avoided the pores which created a 
jagged interface. The influence of the pores was evident in force curves 
measured in water, both in terms of the shape, in which the three-phase 
contact line movements around the pores could be detected, as well as the 
depth of the pores providing different access and amount of air. When 
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water/ethanol mixtures were used, the interactions, displaying no sign of air 
cavities, were concluded to be due to ethanol condensation. 
 
Confocal Raman microscopy experiments with water and water/ethanol 
mixtures on superhydrophobic surfaces gave evidence for water depletion 
and ethanol/air accumulation close to the surface. Force measurements using 
superhydrophobic surfaces showed extremely long-range interaction 
distances of several micrometers. 
 
This work has provided evidence for air cavitation between hydrophobic 
surfaces in aqueous solution. It was also shown that the range and magnitude 
of interaction forces could, to some extent, be predicted by looking at certain 
surface features like structure, roughness and the overall length scales. 
 
Key words: hydrophobic surface, superhydrophobic surface, atomic force 
microscopy, surface forces, capillary forces, cavitation, surface roughness, 
friction, wetting, confocal Raman, contact angles, surface preparation, 
Langmuir-Blodgett 
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Sammanfattning 

Hydrofoba och superhydrofoba ytor samt dess egenskaper är viktiga för en 
lång rad industriella processer såsom vattenrening, hartskontroll vid 
papperstillverkning, flotation och många fler men också för att skräddarsy, 
till exempel, hydrofoba ytor av mineralpigment. Denna avhandling 
behandlar hur egenskaper hos en yta, till exempel strukturen, ytråheten och 
kemin, påverkar krafter mellan och vätning på hydrofoba ytor. Ytor med 
tätpackade partiklar, ordnade porer, godtyckligt deponerade nanopartiklar 
samt plana referensytor tillverkades och studerades. Ett 
atomkraftsmikroskop (AFM) användes för att karaktärisera ytor samt mäta 
krafter och friktion medan vätning studerades genom mätningar av 
kontaktvinklar och konfokal Ramanmikroskopi. 
 
Genom att deponera silikapartiklar i storleksordningen nano- till mikrometer 
med användning av Langmuir-Blodgettekniken (LB) kunde ytor med 
hexagonalt ordnade partiklar och vätning i Wenzelregimen produceras. 
Kraftmätningar med dessa partikelytor i vatten visade på väldigt långväga 
krafter som antas uppkomma genom att luft bildar kaviteter mellan ytorna. 
Lägre grad av ytråhet gav upphov till starkare krafter och mer långväga 
interaktioner, vilket tolkades som en konsekvens av minskad begränsning för 
kapillären att växa. Friktionsmätningar visade att både ytstrukturen och 
kemin påverkar de uppmätta friktionskrafterna. 
 
Vätningsstudier gjorda på hydrofoba porösa ytor visade att varken Wenzel- 
eller Cassie-Baxtermodellen kunde tillämpas. Studier av kraftkurvor från 
mätningar i vatten visade tydligt att porerna påverkar både formen på kurvan 
samt att pordjupet bestämde avstånden på växelverkan genom att ge tillgång 
till luft på olika djup och i olika mängd. Växelverkan uppmätt i 
vatten/etanolblandningar verkade uppstå på grund av kondensering av etanol 
snarare än luftkaviteter.  
 
Konfokal Ramanmikroskopi användes för att studera superhydrofoba ytor 
täckta med vatten och vatten/etanol, vilket gav bevis för att vatten trängs bort 
från ytan medan etanol och/eller luft ackumuleras. Kraftmätningar med 
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superhydrofoba ytor gav upphov till extremt långväga interaktioner på flera 
mikrometer. 
 
Den här avhandlingen har påvisat förekomsten av luftkaviteter nära 
hydrofoba ytor i vattenlösning. Storleken och avståndet på krafter mellan 
ytorna har även visat sig kunna, till stor del, förutspås genom att undersöka 
ytstrukturen och ytråheten.  
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Abbreviations and Symbols 

Abbreviations: 
AFM    Atomic force microscopy 
DLS     Dynamic light scattering 
DLVO    Derjaguin-Landau-Verwey-Overbeek 
DNA    Deoxyribonucleic acid 
EDL    Electrostatic double layer 
FWHM    Full width half maximum 
HRSEM   High resolution scanning electron microscopy 
IR     Infra-red 
JKR    Johnson-Kendall-Roberts 
LB    Langmuir-Blodgett 
NA    Numerical aperture 
π-A    Surface pressure-area 
PB    Poisson-Boltzmann 
SEM     Scanning electron microscopy 
SFA    Surface force apparatus 
vdW    van der Waals 
VSFS   Vibrational sum frequency spectroscopy 
 
Symbols: 
A  Hamaker constant (J) 
α  polarizability (C m2 V-1) 
α0  normal detector sensitivity (m V-1) 
c  molar concentration (mol dm-3) 
cm  concentration per m3 
D  distance, surface separation (m) 
Δ  relative change 
δ  torsional detector sensitivity (V rad-1) 
ε  relative permittivity 
ε0  permittivity of free space (8.854 x 10-12 C2 J-1 m-1) 

F  force (N) 
f  area fraction 
Fadh adhesion force (N) 
Fcap capillary force (N) 
Ff  frictional force (N) 
FN  normal force (N) 
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FvdW van der Waals force (N) 
γ  surface tension (N m-1) 
γint  interfacial tension (N m-1) 
h  Planck’s constant (6.626 x 10-34 J s) 
heff effective height (m) 
η  viscosity (Pa s) 
kB  Boltzmann’s constant (1.381 x 10-23 J K-1) 
kn  normal spring constant (N m-1) 
kt  torsional spring constant (Nm rad-1) 
κ-1  Debye length (m) 
λ  wavelength (m) 
µ  coefficient of friction 
µi  dipole moment (C m) 
N   number of points 
n  refractive index 
υ  ionization frequency (Hz) 
υe  main electronic absorption frequency (Hz) 
P  pressure (Pa) 
P0  saturation vapor pressure (Pa) 
R  radius (m) or molar gas constant (8.314 J K-1 mol-1) 
Ra  arithmetic mean roughness (m) 
RN  normalized radius (m) 
Rq  root mean square roughness (m) 
r  curvature (m-1) or roughness factor 
ρ  density (kg m-3) 
T  temperature (°C or K) 
θ  contact angle (°) 
β  angle against normal plane (°) 
Vcap capillary volume (m3) 
Vf  lateral photodetector signal (V) 
Vm  molar volume (m3 mol-1) 
W  interaction free energy (J) 
Wadh work of adhesion (J) 
Zave average value, value at central plane 

Zi  local value 
z  ion valency 
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In addition to many leaves of plants, several insects also have the ability 
to resist water spreading on their wing surfaces. The water strider (Gerris 
remigis) with its non-wetting legs that enable the insect to stand on a 
water surface is one of the most well-known examples.5 Other insects 
showing superhydrophobic properties are butterflies and cicadas which 
give them the possibility to stay dry and clean.6 Also, many birds have 
feathers with the capability to resist spreading of water during swimming.  
 
Another important phenomenon governed by interactions between 
hydrophobic materials is the folding of proteins, the biomacromolecules 
consisting of a chain of amino acids and encoded for by deoxyribonucleic 
acid (DNA). Protein misfolding can originate from disturbances in the 
hydrophobicity/hydrophilicity of the interacting molecules and is known 
to cause severe neurological diseases such as Alzheimer’s, Parkinson’s 
and Creutzfeldt-Jakob disease.7,8 

1.3 Applications related to hydrophobicity 
The fundamental studies on how to prepare superhydrophobic surfaces 
and how their properties can be explained have increased enormously 
during the last decade. Today, superhydrophobic surfaces should not only 
display water repellency but also exhibit, for example, transparency, 
specific colors and flexibility.9 As the number of fundamental studies 
increases, more and more industrial applications on hydrophobic or 
superhydrophobic materials are realized. Its use as corrosion 
protection,10,11 in de- or antiicing applications,12,13 as coatings in liquid 
resistant papers14,15 or in fabrics,16,17 has been a recent focus of interest 
and the number of applications will most likely continue to rise.  
 
An increased understanding of the influence of hydrophobic materials on 
surface interactions is of importance for many industries. In deinking, the 
forces between the cellulose fibers and the ink particles are a key issue 
during separation.18 Flotation processes, such as froth flotation in the 
mining industry as well as waste water treatment, demand a high degree 
of knowledge about hydrophobic materials.19 Control of sticky materials, 
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pitch, in wood is of vital importance in pulp and paper making processes 
due to the stickiness causing severe problems and cost for the industry.20 
In summary, more detailed knowledge about the interactions between 
different hydrophobic species is a prerequisite for development of 
materials and processes in many different types of industries.  
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2 Theory 

This chapter presents the theoretical background for the most important 
phenomena needed in order to be able to interpret and understand the 
obtained results. Definitions of surface structure and presentations of 
relevant surface forces and wetting theories are discussed. Also, previous 
work in the field is introduced.  

2.1 Surface structure 
The structure of a surface is an important property and, together with for 
example the material and the size, it is deciding its overall quality. 
Surface structure is often characterized in terms of the surface roughness. 
The most common ways to measure surface roughness are, if the 
roughness length scales are in the micrometer range, by profilometry 
while atomic force microscopy (AFM) often is used for surfaces with 
length scales in the nanometer range. Several different parameters can be 
extracted from a roughness measurement but two of the most commonly 
discussed are the root mean square roughness, Rq, and the arithmetic 
mean roughness value, Ra, as given by: 
 

     
N

ZZ
R

N

i
i




 1

2
ave

q

)(
       (2-1) 

where Zave = average Z value within the given area, Zi = local Z value and 
N = number of points within the given area and 
 

N
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R

N

i
i




 1

ave

a         (2-2) 

where Zave = Z value at the central plane, Zi = local Z value and N = 
number of points within the given area. The roughness parameters 
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mentioned above only describe the height variance in lateral direction and 
do not give any information about the actual shape of the surface 
structures. When fabricating superhydrophobic surfaces it has been noted 
that many different structures can give rise to surfaces with a high contact 
angle as long as they introduce a certain roughness together with a low 
surface energy. Surfaces consisting of multilayers of particles and/or 
polymers,21 deposited particles,22,23 etched or deposited pillars24,25 or 
pores26 are all examples of some of the possible structures that can be 
used to produce a superhydrophobic surface.   

2.2 Surface forces 
The concept of surface and intermolecular forces is of fundamental 
importance to the issues discussed in this thesis. Intermolecular forces are 
always present and they always affect molecules in solution, in solid 
materials and at interfaces. The collective effect of intermolecular forces 
between two larger bodies (particles/surfaces) is known as surface forces 
and they are subdivided into different classes depending on the molecular 
origin. Electrostatic forces, van der Waals forces and interactions 
between hydrophobic surfaces and its possible origins are most relevant 
for this work and they will be presented briefly below and can be seen in 
Figure 2-1.  
 
In order to accurately measure quantitative forces between surfaces, the 
geometry of the surfaces needs to be taken into consideration. This is 
done through the Derjaguin approximation which relates the measured 
force, F, to the interaction free energy per unit area, W, for two flat 
surfaces separated by a distance, D, according to:27 
 

ܹሺܦሻ ൌ
ிሺ஽ሻ

ଶ஠ோొ
          (2-3). 

RN is the normalized radius that depends on the geometry of the 
interacting objects, e.g. a sphere-flat geometry gives RN = Rsphere and 
crossed cylinders give RN = ඥܴୡ୷୪୧୬ୢୣ୰ଵܴୡ୷୪୧୬ୢୣ୰ଶ. The Derjaguin 
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they always have to be considered when discussing forces between 
molecules. Two molecules with permanent dipoles and the ability to 
rotate nearly freely will preferentially align themselves along their 
opposite charges and therefore attract each other. The corresponding 
dipole-dipole interaction energy is referred to as the Keesom energy:30 
 

ܹሺܦሻ ൌ െ
ஜభ
మஜమ

మ

ଷሺସ஠ఌబఌሻమ௞ಳ்஽ల
        (2-5) 

where µi is the dipole moment for molecule i. Eq. 2-5 is valid for nearly 
freely rotating dipoles which means  kBT > μଵ

ଶμଶ
ଶ/4ߝߨ଴ܦߝଷ, and thus 

energetically favorable orientations between the dipoles are slightly 
preferred. 

 
A polar molecule in close proximity to another molecule will induce a 
dipole which results in an attractive force as described as follows 
according to Debye:31 
 

ܹሺܦሻ ൌ െ
ஜమఈ

ሺସ஠ఌబሻమ஽ల
         (2-6) 

where α is the the polarizability of the neutral molecule.  
 
The third and last contribution to the van der Waals force is the London 
forces. In contrast to the Keesom and Debye forces, these dispersive 
forces cannot be calculated using classical physics but quantum 
mechanical perturbation theory must be involved. All atoms have, at 
every moment, a dipole moment due to displacement of their electron 
clouds. If several atoms are bonded together to form a molecule, this 
effect is even more pronounced and the created instantaneous dipole has 
the ability to affect other molecules in the surrounding. These induced 
dipoles can attract or repel each other. Two molecules with ionization 
frequencies of ν1 and ν2 have a total free energy from the London forces 
described by:32 
  

ܹሺܦሻ ൌ െ
ଷ

ଶ

ఈభఈమ
ሺସ஠ఌబሻమ஽ల

௛ఔభఔమ
ሺఔభାఔమሻ

       (2-7). 
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Eqs. 2-5 to 2-7 are applicable to a pair of molecules interacting across 
vacuum. When van der Waals forces between macroscopic bodies are 
considered, many body effects and the fact that a medium is present 
between the bodies will affect the van der Waals interaction and therefore 
need to be considered. 
 
The van der Waals force between macroscopic bodies is calculated using 
the Hamaker constant, A. It was first derived by incorrectly assuming 
pairwise additivity of the forces from all the molecules in the 
macroscopic surface.33-35 Lifshitz later made a more rigorous, but also 
more complex, calculation and found an expression for the Hamaker 
constant based on the bulk dielectric properties of the material according 
to:  
 

ܣ ൌ
ଷ

ସ
݇୆ܶ ቀ

ఌభିఌయ
ఌభାఌయ

ቁ
ଶ
൅

ଷఔ౛
ଵ଺√ଶ

൫௡భ
మି௡య

మ൯
మ

൫௡భ
మା௡య

మ൯
య/మ      (2-8) 

where εi is the static dielectric constant for medium i, νe is the main 
electronic absorption frequency in the UV region and ni is the refractive 
index of medium i in the visible region.36 Eq. 2-8 is valid for two 
identical materials (1) interacting through another medium (3). In most 
cases, the macroscopic van der Waals force is attractive but a repulsive 
force is also possible for certain material combinations.37,38 
 
For the geometry used in this thesis, that is a flat surface interacting with 
a spherical particle, the van der Waals force can be calculated using  
 

ி౬ౚ౓
ோ

ൌ െ
஺

଺஽మ
           (2-9). 

For other geometries similar expressions can be derived.39   

2.2.1.2 Electrostatic double layer interactions 

Most of the experiments included in this thesis have been performed in 
water or in water mixtures. Due to its very high dielectric constant, water 
is a good solvent for ions. The dissociation of surface groups and 
adsorption of charged molecules make almost all surfaces in water 
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charged. The electric field created by the charged surface gives 
enrichment in the concentration of counterions, i.e. the ion with opposite 
charge and depletion of co-ions, i.e. the ions with the same charge as the 
surface, in close proximity to the surface. This layer of surface charges 
and ions is referred to as the “electrostatic double layer”. The decay of 
surface potential with respect to distance from the surface is described by 
the Debye length, κ-1, which can be calculated using: 
 

ଵିߢ  ൌ ൬ ఌఌబ௞ా்

௘మ ∑ ௖೘೔௭೔
మ

೔
൰
ଵ/ଶ

         (2-10) 

where zi is the valency of the ions and cm is the concentration of the 
electrolyte per m3. For an aqueous NaCl solutions, the equation can be 
simplified to read 
 

ଵିߢ ൌ
଴.ଷ଴ସ

√௖
          (2-11) 

where c is the molar concentration of the ions. 
 
When two surfaces in water are approaching each other, their electrostatic 
double layers will, at some point, overlap and induce a repulsive force 
approximately described by an exponentially decaying equation: 
 

 ܹሺܦሻୣୢ୪ ൌ  ఑஽         (2-12)ି݁ܥ

where C is a constant that depends on the surface geometries, their 
surface charge density and the solution. It is determined by solving the 
Poisson-Boltzmann (PB) equation for the particular system.40,41 A 
numerical solution of the PB equation must be used for small surface 
separations to extract the exact double layer force. In the force studies 
presented in this work, a 10 mM NaCl aqueous solution has in most cases 
been used as the liquid medium in order to partly screen the electrostatic 
interactions and to calculate the contribution of the double layer force in 
relation to the measured forces. 
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2.2.2  Interaction forces between hydrophobic surfaces  

Just as phase separation of water and oil occurs due to unfavorable 
conditions of enthalpy exceeding that of entropy, hydrophobic species in 
water attract each other, thus lowering the total free energy of the system 
by minimizing the area exposed to water.  The first measurement of 
interactions between hydrophobic surfaces in aqueous solution was 
performed by Israelachvili and Pashley in 1982 using the surface force 
apparatus (SFA).42 Their study was soon followed by others who 
investigated and tried to interpret the extremely long-range interactions of 
sometimes several hundreds of nanometers, much longer than the 
expected van der Waals force, as can be seen in Figure 2-1.43-46 The sharp 
jump-in at a distance of several tens of nanometers as well as a retract 
curve showing an exponential decay are the well-known features for such 
a force curve. There is still an on-going debate regarding the mechanism 
behind the origin of the interactions and several suggestions have been 
proposed. Here follow short descriptions of some of the most frequently 
used explanations for this “hydrophobic interaction”:  

2.2.2.1 Cavitation/bridging bubbles 

Cavitation or bridging bubbles due to dissolved gas in water soon became 
the most plausible explanation for the observed interactions between 
hydrophobic surfaces45,47,48 and the mechanism has continued to be used 
to explain many of the results obtained.20,49-56 Figure 2-2 shows the 
proposed mechanism for cavity formation between hydrophobic surfaces. 
This theory is somewhat supported by the observation that by degassing 
the water, the range and magnitude of the interaction decrease even 
though it does not disappear completely.57,58 However, most liquid cells 
used during force measurements are open to the surroundings which 
mean that water is saturated with air shortly after degassing.  
 
The proposed air bridges can either be formed from a thin air/water vapor 
layer or from micrometer or nanometer sized air bubbles resting on the 
surface. Even though the Laplace pressure states that the pressure inside 
the nanobubbles should be too high for them to be stable, numerous 
studies have shown both their existence as well as their apparent stability 
for hours.51,59-63 In order to study the nanobubbles in detail, a protocol for 
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2.2.2.2 Water structural effects 

Even though this thesis promotes the idea of the long-range interactions 
between hydrophobic surfaces being due to cavitation and capillary 
forces, there are other suggested mechanisms that should not be 
disregarded. One is restructuring of water, in which the force is said to 
originate from an overlap of two boundary layers of perturbed water 
structure when the surfaces are approaching, i.e. creating a surface-
induced water structure.46,74 This theory has mostly been used to explain 
interactions of a shorter-range type and fails to predict the long-range 
interaction forces. Another model is the so-called water bridging-cluster 
model, that, based on thermodynamics, assigns the interaction to depend 
on organized elongated water clusters between the hydrophobic 
surfaces.75 

2.2.2.3 Hydrodynamic force 

The hydrodynamic force as caused by expulsion of water from the 
volume between the surfaces during approach has also been suggested as 
a possible mechanism behind the interactions.76,77 However, this is 
opposed by studies showing that the range and magnitude of the 
interactions are not affected by the approach or retract speed of the 
interacting surfaces.54,68 

2.2.2.4 Contaminations from hydrophobic species 

When using adsorbed surfactants, silanes, thiols or other types of 
molecules to make a surface hydrophobic, it has been suggested that 
these molecules can dissolve and affect the measured interactions.78 This 
theory is contradicted by studies in which also inert surfaces are shown to 
give rise to the long-range interactions.79 In conclusion, the subject of 
contamination is definitely an issue and thorough cleaning of the surfaces 
and other materials/equipment involved is a prerequisite to avoid 
uncertainties.  

2.2.2.5 Surface structure influence on forces between hydrophobic 
surfaces 

For smooth hydrophobic surfaces, the attractive forces have been found 
to increase with an increase in hydrophobicity as measured by the water 
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contact angle.80,81 When the interacting surfaces instead exhibit an 
intrinsic roughness, the resulting forces are no longer that easy to predict. 
Serro and Saramago found an increased adhesion force when changing 
from a smooth surface to a surface with a four times higher average 
roughness and attributed this to presence of nanobubbles in the rough 
features.82 Wallqvist and co-workers investigated two surfaces with 
nanoparticles of two different sizes disorderly distributed on the surfaces 
and provided the explanation of less restrictions for cavity growth on the 
smaller roughness length scale, hence giving forces of longer range and 
greater magnitude.55 In a third study, Jung and Bhushan argue that the 
difference in adhesion force between nanostructures and microstructures 
is mainly due to the difference in contact area.83 Previous findings in 
combination with the results obtained in this work lead to the following 
conclusions: If cavities are not formed, the adhesion force decreases with 
an increase in surface roughness/contact area. If the cavity is allowed to 
grow to its optimal size, the adhesion is independent of the surface 
roughness. If cavities form, but is restricted in their growth, the adhesion 
is less compared to a surface with very low roughness. 

2.2.3 Adhesion  

Cohesion and adhesion are two intimately connected terms where the first 
describes the internal energy needed to separate two bodies of the same 
material while the latter depicts the situation when two bodies of different 
materials in an intervening medium is to be separated. The work of 
adhesion can be calculated using 
 

ୟܹୢ୦ ൌ ୅ߛ ൅ ୆ߛ െ  ୅୆        (2-16)ߛ

where γA, γB  are the surface energies of two materials and γAB is the 
interfacial energy for the two materials in contact.84 This equation 
describes the ideal case when the surfaces are perfectly smooth and in 
equilibrium. For real systems, parameters like roughness, humidity and 
surface charges make the situation more complicated. The measured 
adhesion can therefore be a combination of contributions from different 
types of forces such as van der Waals forces, chemical or hydrogen 



16 

 

bonding, capillary forces and steric forces, making interpretation very 
difficult. In this study, the observed adhesion between the surfaces is 
mostly explained by capillary forces but it cannot be excluded that other 
forces, like the van der Waals forces, have an influence as well.  
 
Several different theories, developed from contact mechanics, describing 
the elastic deformation of samples exist. They can also be used to explain 
adhesion forces in colloidal systems. One of them is the Johnson-
Kendall-Roberts (JKR) theory predicting 
 

ୟୢ୦ܨ ൌ 3πܴߛ୧୬୲          (2-17).85  

Fadh is the adhesion force between the surface and the probe and γint is the 
interfacial tension. The JKR theory can be applied to systems with a large 
probe, a soft sample and with large adhesion between the surfaces. 

2.3 Friction 
Friction is an important phenomenon occurring between all surfaces 
moving relative to each other. As early as in the 15th century, Leonardo 
da Vinci performed studies demonstrating that the friction force, Ff, is 
proportional to the applied load, FN, and independent of the macroscopic 
contact area. This was later rediscovered by Guillaume Amontons86 
leading to the empirical law of Amontons 
 

୤ܨ ൌ μܨ୒           (2-18) 

where μ is the friction coefficient, which was later further developed by 
Charles-Augustin de Coulomb87 who stated that the frictional force is also 
independent of sliding velocity. These, apparently simple, discoveries 
have proven very successful in predicting and studying friction between a 
range of different materials used in many applications. In general, smooth 
surfaces show a good correspondence with Amontons’ law also on a 
microscopic or nanoscopic level.88-90 For rough surfaces, the situation is 
more complicated and, as Bowden and Tabor pointed out, the true area of 
contact between two surfaces significantly differs from the apparent 
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area.91 Recently, several studies have addressed the question whether 
these rules developed for macroscopic surface could be applied for 
surfaces exhibiting roughness length scales in the nano- or micrometer 
range. Several of them also found good correlations with the model law 
of Amontons.92-97 However, for surfaces exhibiting strong adhesive 
forces, Amontons’ rule is no longer valid. In a load versus friction plot, 
high adhesive forces are often seen as large hysteresis between the 
loading and unloading regime as well as a high force offset value, F0. 
Derjaguin suggested that Amontons’ law should instead read 
 

୤ܨ ൌ μܨ୒ ൅  ଴         (2-19)ܨ

in order to also account for the adhesive forces.27 Several studies have 
tried to relate the measured friction to either adhesion hysteresis or the 
adhesion itself, but due to humidity and surface roughness effects it has 
proven challenging to obtain exact results.98-101 

2.4 Wetting 
The wettability, that is the behavior of a liquid on a solid substrate, is an 
important phenomenon both in nature and in many technical applications. 
As previously mentioned, plants and animals often exhibit special wetting 
behaviors such as the self-cleaning properties of a lotus leaf or the water-
repellent wings of a butterfly. The wettability is often discussed in terms 
of the contact angle at which a liquid droplet meets the solid-vapor 
interface. A surface with a water contact angle below 90° is termed 
hydrophilic, above 90° it is hydrophobic and, as previously stated, above 
150° it is termed superhydrophobic. In general, a more hydrophobic 
surface also has a lower surface energy while on a surface with high 
surface energy, the liquid spreads to a thin film. Young established the 
connection between the contact angle, θ, and the surface tensions of the 
solid-liquid, γsl, solid-gas, γsg, and liquid-gas, γlg, interfaces through 
 

ୱ୥ߛ ൌ ୱ୪ߛ ൅  (2-20)        ߠ୪୥cosߛ

as can be seen in Figure 2-4.102 
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2.4.2 Cassie-Baxter state 

In the Cassie-Baxter regime, air is trapped in the rough/heterogeneous 
surface features causing the liquid droplet to rest on top of an air layer as 
shown in Figure 2-4. This regime is associated with superhydrophobic 
surfaces exhibiting large roughness in combination with very low surface 
energy. The high interfacial energy between water and air leads to a 
higher contact angle on the rough than on the smooth surface. The contact 
angle of a heterogeneous surface with patches of different chemistry or 
wetting behavior can, according to the Cassie-Baxter model, be described 
by, 
 

cosߠ୰ୣୟ୪ ൌ ଵ݂cosߠଵ ൅ ଶ݂ܿߠݏ݋ଶ       (2-22) 

where f1 and f2 are the area fractions of the two types of patches.104  

2.4.3 Transitions between Wenzel and Cassie – Intermediate 
situations 

In reality, surfaces often exhibit wetting behavior intermediate to those of 
the Wenzel and Cassie-Baxter models with partial liquid penetration of 
the rough structure. Also, studies have shown how transitions between 
the two clearly defined states are possible by, for example, simply 
changing the method with which the droplet is added to the surface105 or 
by increasing the amount of ethanol in a water/ethanol mixture.106 
Another method is to put physical pressure on the droplet while it rests on 
the surface.107 Clearly, the activation energy for transition between the 
states is low enough for this to occur. 

2.4.4 Validity of the assumptions underlying the Wenzel and 
Cassie-Baxter models 

An on-going debate, which had an upswing when Gao and McCarthy 
published their paper with the provocative title “How Wenzel and Cassie 
were wrong”,108 discusses the validity of the Wenzel and Cassie-Baxter 
models. Several previous experiments had already shown how the 
Wenzel or Cassie-Baxter models failed to correctly predict the contact 
angle on many surfaces.109-113 This seems to be the case when the droplet 
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covers chemical or topographical heterogeneities but still has its three-
phase contact line over a homogeneous area. Recent studies have 
confirmed these observations suggesting that it is the nature of the surface 
at the three-phase contact line that decides the value of the contact angle 
making the situation beneath the droplet insignificant,114,115 while others 
argue that the debate is all a consequence of incomplete interpretation of 
the equations or failure in performing the experiments correctly.116-119  
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3 Experimental 

In this chapter, the main instruments and techniques used to perform the 
scientific studies reported in the thesis are presented.  

3.1 Atomic force microscopy 
The atomic force microscope (AFM) was introduced in 1986 by Binnig 
and co-workers.120 At first, it was mainly used to image the topography of 
samples at a resolution of nanometer down to atomic scale, by moving a 
sharp tip in lateral direction over the surface. By the development of the 
colloidal probe technique, where a spherical probe or another object with 
a defined geometry is used to map the surface, force and friction 
measurements between surfaces using the AFM became increasingly 
used.121,122 Lately, an increased interest to extract more parameters from 
the force curves resulting from every tip-surface interaction, has enabled 
new modes in which properties like adhesion, stiffness and electrical 
conductivity can be quantitatively measured with high lateral resolution.  
 
The main principles of the AFM are illustrated in Figure 3-1. The sample 
is placed on top of a scanner which can move the sample and cantilever 
relative to each other in x, y and z directions by the utilization of a 
piezoelectric material.  A laser is focused on the backside of a cantilever, 
which is the part that senses the sample, and reflected onto a detector, 
often a split photodiode. The front side of the cantilever pointing towards 
the sample has either a sharp tip or a probe with another geometry that 
interacts with the surface. The interaction, whether it is attractive or 
repulsive, makes the cantilever deflect which changes the position of the 
reflected laser beam in the detector. The voltage output signal from the 
detector can be translated into height changes or forces.  
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where δ is the torsional detector sensitivity and heff is the effective height, 
i.e. the diameter of the probe plus half the thickness of the cantilever.  
 
The friction coefficient, µ, is defined as the slope of the linear fit for 
friction as a function of applied load. To determine µ, the measurement is 
started with the probe and sample out of contact followed by a stepwise 
increase, and then decrease, of the load. 

3.1.4 Contact angle of colloidal probe 

The method of measuring the contact angle of a single particle attached to 
a cantilever, called microsphere tensiometry, has been developed by 
Preuss and Butt126,127 and the continued developments of particle-bubble 
interaction measurements using the AFM have been summarized by 
Johnson et al.128 Dynamic contact angles are measured either by 
recording a force curve against a water droplet in air or an air bubble in 
water. From the force curve between the probe with radius, R, and the 
water droplet, the maximum adhesion force, Fadh, gives the advancing 
contact angle, θa, according to 
 

ୟୢ୦ܨ ൌ 2πܴߛsinଶ
ఏ౗
ଶ

        (3-2) 

while the receding contact angle, θr, is given by the jump-in distance, D, 
from an approach force curve between the probe and an air bubble using 
 

cosߠ୰ ൌ
ோି஽

ோ
          (3-3). 

The advancing and receding contact angles correspond to the 
macroscopic contact angles described below through the movement of the 
three-phase contact line over the surface. When receding, less and less of 
the particle surface is in contact with the liquid while during advancing, 
the particle is pulled out of the air bubble hence having an advancing 
three-phase contact line. 
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3.2 Confocal Raman microscopy 
The combination of a confocal microscope with Raman spectroscopy 
gives a technique suitable for spectroscopic mapping of elements on a 
surface. Applications range from phase separation of liquids such as 
alcohol-water mixtures129,130 to analysis of paper131,132 and pharmaceutical 
products.133 
 
In a confocal microscope, a lens or objective is utilized to focus a point-
like light source onto a sample. The lens also focuses the image spot onto 
an aperture, whose size is chosen to only let the central part of the light 
pass through and reach the detector.134 This enables the recording of 
three-dimensional images and a better image contrast in comparison to 
conventional light microscopy.  
 
Raman spectroscopy is based on inelastic scattering of photons giving a 
frequency shift that provides information about vibrational, rotational or 
other low frequency transitions in a molecule.135 An incoming photon can 
either be absorbed by the molecule it encounters, which causes a change 
in dipole moment that can by studied by infra-red (IR) spectroscopy, or 
induces a polarization in the molecule, which produces an 
electromagnetic scattered radiation of photons away from it. Most 
photons that scatter from the sample have the same frequency as the 
incident photons, giving rise to Rayleigh/elastic scattering. However, a 
small fraction of the photons is scattered at different frequencies, i.e. 
inelastic collisions between the photon and the molecule have changed 
the vibrational energy of the molecule, thus causing Raman 
scattering.134,136 
 
In a confocal Raman microscope, a Raman spectrometer is attached to a 
light microscope. By using a microscope, the light can be focused on 
small spots of micrometer sizes, hence increasing the resolution and the 
collecting efficiency. A schematic image of a confocal Raman 
microscope is shown in Figure 3-4. A map of the different chemical 
components on a surface can be created by scanning the sample in xy 
direction, recording a Raman spectrum in every image pixel. The best 
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3.3 Contact angles 
The sessile drop method is the most common way to measure the 
macroscopic contact angle of a surface. A drop is placed on the substrate 
of interest and its two-dimensional profile is recorded, often using a high 
resolution camera. The droplet baseline and shape are commonly 
analyzed by a program to get an exact value of the contact angle. 
Advancing and receding contact angles can be measured in two different 
ways; either by adding or removing liquid from the droplet with a syringe 
or by tilting the surface. Both methods depend on analyses of the contact 
angles when the droplet starts to move or roll over the surface. The 
contact angle hysteresis is given by the difference between the advancing 
and receding contact angles.  

3.4 Surface preparation 
Surfaces with the desired structure and properties were a prerequisite to 
be able to perform interpretable and reproducible force measurements. 
Today, there exist numerous methods to prepare structured surfaces of 
different sizes, morphology, wetting behavior and surface energies. The 
increased interest for fabrication of superhydrophobic surfaces during the 
last decade has led to the development of new methods as well as 
improvements of older ones.  

3.4.1 Langmuir-Blodgett 

In order to prepare particle coated surfaces with a monolayer of particles 
and with the packing of particles as close to hexagonal as possible, 
Langmuir-Blodgett (LB) deposition was the method of choice. LB has, 
since long, been an established technique for deposition of amphiphilic 
molecules to prepare well-ordered monolayer surfaces.142-147 The 
principle for deposition is described in Figure 3-5. The molecules or 
particles to be deposited are spread on a subphase in a Langmuir trough 
followed by compression of the barriers until a certain deposition 
pressure, i.e. a compact monolayer is reached. Surface pressure versus 
area (π-A) isotherms give information on the collapse pressure, and 
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at different exposure times, is then used to create the desired pattern in 
the surface. This is followed by etching of the areas not protected by the 
photoresist, hence making a pattern in the underlying substrate. Several 
different etching techniques are available but here, deep reactive-ion 
etching using the Bosch process was employed to create the structures.148 
The plasma contains ions from sulfur hexafluoride (SF6) that etch the 
surface followed by passivation with octaflurocyclobutane (C4F8) to get a 
protecting chemically inert layer. The number of etching and depositing 
steps as well as the time of each cycle can be adjusted to get the desired 
depth and structure of the pores.  

3.4.3 Dip coating 

A fast and easy approach to prepare surfaces with deposited particles, 
polymers or other molecules is sometimes required. Simple dip or drop 
coating techniques, where the molecules are subjected to a substrate 
either by repeated immersion of the substrate in a suspension or putting a 
droplet of the suspension on the surface and let it dry, are often efficient. 
Superhydrophobic surfaces, where a certain disorder and/or a roughness 
at different length scales often are required, are easily prepared in this 
way but also more structured surfaces where particles assemble on a 
surface by lateral capillary forces can be fabricated.149,150 In this work, 
superhydrophobic surfaces were prepared by dip coating of glass 
substrates into a dispersion containing silica nanoparticles and a 
fluoropolymer creating a rough multilayered structure.  

3.4.4 Sintering 

The robustness of the surfaces was a major concern in this work, 
especially when using surfaces with particles that easily could be 
removed by touching them with an AFM tip or probe. A common way to 
make robust surfaces is by sintering at a temperature close to the melting 
temperature of, preferably, both the substrate and the deposited particles.  
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4 Results 

In this chapter, the main findings from the six papers included in this 
thesis are presented and discussed. The focus will be on summarizing the 
results and to create a cohesive picture of all studies. At first, the 
procedures utilized to prepare the three different types of surfaces, that is 
the particle coated surfaces, the pore array surfaces and the 
superhydrophobic surface, will be explained. This is followed by the 
results from the surface characterization process, including contact angle 
and confocal Raman measurements. The main part is then the summary 
of the results from the force measurements in which also the results from 
friction studies are discussed. The next section focuses on spectroscopic 
measurements on hydrophobic and superhydrophobic surfaces and 
removal of air cavities by addition of ethanol. The chapter ends by a 
discussion on the origin of interactions between hydrophobic surfaces, 
how they are affected by surface structures and different ways to predict 
them. 

4.1 Surface preparation 
Surfaces with defined and controllable structures and hydrophobic 
properties were a prerequisite to be able to study how surface interaction 
forces are affected by surface structure and roughness. This is why 
surfaces with very ordered structures consisting of monolayers of coated 
particles or pore arrays were prepared. In Figure 4-1, schematic figures of 
the particle coated and pore array surfaces can be seen. In some cases, the 
difference between hydrophobic and superhydrophobic surfaces was of 
interest, which demanded the preparation of superhydrophobic surfaces 
as well. 

4.1.1 Particle coated surfaces – Langmuir-Blodgett deposition 

Particle coated surfaces, with silica particles having diameters of 30, 60, 
90, 200, 800 and 4 000 nm, were prepared by Langmuir-Blodgett (LB) 
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surface, a glass substrate was dip coated in a fluoropolymer/fluorosolvent 
mixture without nanoparticles followed by silanization, thereby 
producing a hydrophobic surface with similar chemical composition as 
the superhydrophobic one.   

4.2 Surface characterization 
Characterization of the surfaces in terms of their structure, roughness and 
wetting properties are crucial in order to develop an understanding of the 
unique situation at the different surfaces. A summary of the macroscopic 
water contact angles measured on all the different surfaces can be found 
in Figure 4-5. 

4.2.1 Particle coated surfaces – Hexagonal structure and 
robustness 

The particle coated surfaces needed to be robust and to have a defined 
surface roughness and structure in order to know that all parts of the 
surfaces behaved homogeneously during measurement series. 
Information about the structure was mainly provided by the recorded 
AFM images but also contact angle measurements were used to elucidate 
the particle packing. The most optimal packing for spherical particles on 
a surface is hexagonal close-packing. Fourier transforms of the AFM 
images revealed a short-range hexagonal order but disorder on a longer 
scale. An example of an image of a surface with 800 nm particles with an 
average particle to particle distance of 874 nm can be seen in Figure 4-2b. 
Roughness analysis of the AFM images gave experimental Ra values, 
which were compared to theoretical values calculated using the equations 
proposed by Oudrhiri-Hassani and co-workers156 and based on hexagonal 
packing. The theoretical values were higher than the experimental ones 
and the difference was larger for the smaller particles. This observation is 
suggested to not only be a consequence of the more disordered structure 
of the smaller particles, but also of the AFM tip not being sharp enough 
(R approx. 3 nm) to precisely probe the area between the small particles 
which is discussed in more detail in Paper II. 
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After hydrophobization, macroscopic water contact angles were 
measured on all the surfaces. As expected, the increased roughness on a 
particle coated surface compared to a flat glass substrate gave an increase 
in contact angle from 108° for the flat surface to 120-124° for the particle 
coated surfaces (Figure 4-5). No trend in contact angle with respect to 
particle size could be detected; hence the wetting degree is the same for 
particles in the micrometer size range as well as for nanoparticle smaller 
than 100 nm. The roughness factor, r, as included in the Wenzel equation 
(Eq. 2-21) can be calculated from the contact angle measured on a 
particle coated surface compared to the value measured on a flat surface. 
The theoretical value, r = 1.9, was calculated by combining hexagonal 
geometry and a hemispherical model.157 The experimental roughness 
factors varied between 1.62 and 1.81, i.e. again indicating short-range 
hexagonal order but also the occurrence of a slight longer-range disorder. 
To calculate r, one must assume the surfaces to be in the Wenzel wetting 
regime which means the surfaces would be completely wetted. This 
seems likely for the large open areas between the top parts of the 
particles. However, the narrow cavities at the bottom part of the volume 
between the particles could contain air pockets, which would create a 
small degree of Cassie-Baxter state in this area. The packing density and 
the theoretical roughness factor suggest that approximately 95% of the 
area is wetted (Wenzel state) while the remaining 5% consist of air being 
trapped close to the surface (Cassie-Baxter state). Hence, the 
experimental roughness factors could be used to conclude that also 
contact angle measurements suggest a local order and a long-range 
disorder due to slight discrepancy from the theoretical value. It has been 
shown that, in order to induce a complete transition in the wetting regime 
from Wenzel to Cassie-Baxter state for particle coated surfaces, 
multilayers of particles in the micrometer size range with at least one 
layer of nanoparticles on top, are necessary.22 

 
To test the robustness of the surfaces after sintering, an AFM tip was 
moved in contact mode over the surface and AFM images were recorded 
on the same spot before and after testing of the robustness. The pressure 
at which the surfaces were tested was chosen to be 2 GPa. This was 
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(Figure 4-5). In comparison to a flat reference surface, the contact angles 
on both the surfaces with 1.4 μm and 4.0 μm pore spacing had increased. 
However, no trend in contact angle with respect to pore depth was found, 
neither for water nor ethanol droplets. The contact angles were, in 
general, a bit higher on the surfaces with the smaller pore spacing which 
could be due to the larger amount of pores and therefore a more bent 
three-phase contact line. Theoretical contact angles were calculated using 
the widely used equations by Wenzel (Eq. 2-21) and Cassie-Baxter (Eq. 
2-22). However, the Wenzel equation was not possible to use due to a too 
large extra area provided by the pores which would give a cosine of the 
angle out of range. The Cassie-Baxter model gave both water and 
water/ethanol contact angles that were larger than the experimental values 
by around 5°. As mentioned in section 2.4.4, the validity of the models 
has been seriously questioned. Several studies have shown the 
insignificance of heterogeneities underneath the droplet and suggested the 
situation at the three-phase contact line to determine the contact 
angle.108,109,113 The discussion regarding this matter contains arguments in 
favor of the models suggesting a too small size of the liquid droplets in 
relation to the surface structures158 and they propose the usage of local 
instead of global values of the roughness ratio.116 The results from the 
present study confirm the need for a critical approach when using the 
Wenzel and Cassie-Baxter equations. Since the models did not predict an 
accurate result, the situation at the three-phase contact line was 
investigated by recording light microscopy images displayed in Figure 4-
6. They revealed a jagged line with water wetting between the pores, 
while the 1:1 water/ethanol and the ethanol droplets behaved differently 
showing straight three-phase contact lines and no wetting in-between 
each pore.  
 
Sliding angles, that is the tilting angle at which the liquid droplet first 
starts to move, were also collected and the droplets were studied during 
sliding. No significant difference between the surfaces was noted but the 
sliding angles were higher, 45° compared to 35°, with 20% ethanol than 
with water droplets. This could be compared to a sliding angle of 15° 
measured on the flat reference surface. The droplet movements over the 
pore array surface were not smooth but more step-like. It seemed like the 
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etching, making the silanization process less efficient. To make sure the 
silane had access to the pores during silanization, confocal Raman images 
were recorded with toluene (in which the silanization procedure was 
carried out). The images showed that toluene could easily penetrate into 
the pores and that silane had indeed been in contact with the pore walls. 
More information on these wetting studies using water can be found in 
Paper V. 

4.2.3 Superhydrophobic surface – Lotus effect 

As already mentioned, the surface roughness, measured from AFM 
images, for the superhydrophobic surface was much larger, about 100 
times,  compared to a flat surface but also around 15 times larger than the 
particle coated surfaces with a monolayer of nanoparticles. This increase 
in roughness gave a water contact angle of around 152° on the 
superhydrophobic surfaces, which decreased to 105° for a 1:1 
water/ethanol mixture and to 22° for pure ethanol. The surfaces exhibited 
the lotus effect with extremely low roll-off angles for water droplets. 

4.3 Force measurements 
A typical force-distance curve measured between hydrophobic surfaces in 
aqueous solution has many characteristic features as discussed in Section 
2.2.2 and an example is displayed in Figure 4-7. On approach, no 
interaction between the surfaces is observed until there is a sudden on-set 
of attraction which makes them jump together. The distance, in this case 
approximately 25 nm, is referred to as the jump-in distance. The shape of 
the approach curve can vary and both smooth and continuous curves as 
well as discontinuous jumps towards to the surface have been observed 
before.43,47,55,71 When the surfaces start separating, the maximum adhesion 
force is observed as a minimum in the force curve. As described in the 
theory section, the features of this force curve can be interpreted by 
formation of an air cavity causing a strong attraction between the surfaces 
on approach. On retraction, the cavity is extended and breaks at a certain 
position, called the rupture distance. In the studies presented here, the 
adhesion force, the jump-in distance and the rupture distance were 
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of the surfaces, reliable statistics were not obtained. When discussing the 
reason for formation of the Population 2 force curves, the first thing that 
comes to mind is its similarity to force curves measured between 
superhydrophobic surfaces.155,160 Superhydrophobic surfaces are known 
to be in the Cassie-Baxter state with a large reservoir of air underneath 
the water droplet. As concluded from the wetting studies and mentioned 
in the discussion about Population 1 force curves above, the particle 
coated surfaces display a slight degree of Cassie-Baxter wetting with 
trapped air between the particles. This excess amount of air is most likely 
a prerequisite for Population 2 curves to form, providing an in-flux of air 
when retracting the probe during a measurement. Already on approach 
there is a profound difference between the two populations. The on-set of 
attraction starts at a larger separation distance for the Population 2 force 
curves and they often show a sharper jump to lower forces with some 
repulsive steps in-between. This can be interpreted as air bubbles being 
present on top of the roughness features and the steps are then a 
consequence of the deformation of the bubble during approach. This 
would also explain why Population 2 force curves are more frequently 
appearing for the smaller roughness length scales; an air bubble of around 
100 nm can easily rest on top of the 30 nm particles but for the larger 
particles, it is more likely they will be found in the crevices between 
particles. Hence, air nanobubbles found on the particles in combination 
with the air reservoir found between and beneath the particles are the 
reasons this type of force curves is seen. Paper III provides further 
discussion about forces on the particle coated surfaces. 

4.3.2 Pore array surfaces – Consequences of pores observed in 
the force curves 

Force measurements were performed with all the different hydrophobic 
pore array surfaces against a hydrophobic colloidal probe by recording 
force curves at different spots on the surface. Again, many of the force 
curves displayed the normal characteristics seen in Figure 4-7, but there 
were also force curves showing larger rupture forces, as defined as the 
force at the position where the cavity breaks, and sometimes several steps 
in the curve during retraction were observed as illustrated in Figure 4-10. 
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force the cavity to break at a distance where it is not fully extended, 
hence the large attractive force at the rupture distance.  
 
The shape of the force curves, especially the Group 2 force curves, can 
also give information about the situation in the pores covered by water. In 
some cases, the colloidal probe must be positioned precisely above a 
pore. If the pores had been completely filled with water, as the Raman 
measurements suggest they are, no air cavity could have formed. Since 
such cavities always were observed, small amounts of air have to be 
present at the bottom of the pore or around the pore walls. 
 
The statistical values extracted from the force curves from the two groups 
were analyzed separately, and the results are shown in Figure 4-11. For 
all parameters, the Group 1 curves show a closer resemblance to the 
reference surface but, obviously, the pores affect the measured values 
also when they do not change the shape of the force curve. Since 
measured forces are higher and interaction distances generally are larger 
for the reference, it seems like the pores hinder cavity formation to a 
greater extent than they promote it. This means they provide an energy 
barrier for cavity growth in a similar way as was concluded for the larger 
particles during measurements on the particle coated surfaces. As seen in 
Figure 4-11, the jump-in distance increases with a decrease in pore depth 
for both pore spacings. This is likely a consequence of a shorter distance 
for evaporated water or air inside the pores to travel to the surface, hence 
making it easier to assemble and form a cavity. For the rupture distance 
the situation is reverse, here the distance instead decreases with a 
decrease in pore depth. The rupture distance is, to a large extent, 
determined by the amount of air available in the cavity during retraction. 
That is why, even though the cavity has difficulties to form when the 
pores are deep, as soon as it is formed, the deeper pore can provide the 
cavity with more air as it is being extended. This parameter is the only 
one where values for some of the surfaces exceed that of the reference 
surface, which is another indication of larger amount of air leading to 
larger cavities. The interpretation of the trends in adhesion force is a 
challenge since the adhesion is affected by several different parameters 
such as contact area and structure around the pores or the pore wall and it 
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4.4.1 Particle coated surfaces – Amontonian or adhesion 
controlled friction 

The particle coated surfaces were also used in friction measurements 
using a hydrophilic surface against a hydrophilic probe, and a 
hydrophobic surface against a hydrophobic probe in aqueous solution. 
Measurements started with the probe out of contact and followed by an 
increase and later a decrease in the applied load. Raw data values with 
friction force as a function of measurement time clearly displayed probe 
motion over the particles on the surface (Figure 4-13a) which was more 
evident the larger the particles. For the hydrophilic surfaces, a plot of the 
frictional force against the applied load exhibited straight lines both on 
increased and decreased load as can be seen in Figure 4-13b, which is in 
accordance with Amontons’ empirical law (Eq. 2-18). However, the force 
offset value (F0), i.e. the friction at zero load, was for all particle coated 
surfaces a bit higher than zero which would indicate the slightly modified 
Amontons’ rule (Eq. 2-19), which also considers the sometimes present 
adhesion force, to be valid in this case. There is a weak trend of a higher 
F0 for larger particles on the surface. The friction coefficient, µ, was 
higher for the particle coated surface compared to the flat reference 
surface, but showed no variation with respect to particle size. Therefore, 
it was suggested that the relative surface geometry, i.e. the similar local 
asperity slope on all particle surfaces, and not the surface roughness 
determines the friction in this case. 
 
The change in surface chemistry from hydrophilic to hydrophobic by the 
addition of a silane layer was accompanied by an increase of the 
measured friction force. Also, the mechanisms responsible for the forces 
were clearly changed. On increasing load, there was still a weak linear 
dependence between the friction and the load. However, when the load 
was decreasing, the friction could sometimes increase as can be seen in 
Figure 4-13c. F0 values were also much larger for the hydrophobic 
surfaces compared to the hydrophilic ones. As previously seen in the 
normal force curves measured between hydrophobic surfaces, there is 
always a large adhesion between the surfaces which explains the high F0 
value. Accumulation of air between the probe and the surface during a 
friction measurements cause large adhesive properties also when the load 
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Raman measurements in pure water also showed a small penetration of 
liquid into the hydrophobic surface.  However, for the superhydrophobic 
surface, water was clearly depleted from the surface leaving an interfacial 
volume where no or very weak Raman signals were obtained (Figure 4-
14b). Since air is not dense enough to give Raman signals, capillary 
evaporation and accumulation of air in the rough surface features are 
likely reasons behind this observation. Comparing Raman spectra for 
bulk water to that of water in close proximity to the superhydrophobic 
surfaces, the peaks at 1 635 and 3 240 cm-1 turned out to be stronger for 
interfacial water. The peak at 3 240 cm-1 corresponds to hydrogen bonded 
water as shown by vibrational sum frequency spectroscopy (VSFS) which 
indicates more structured water close to the surface.161-163 This finding is 
surprising considering the limited depth resolution in confocal Raman 
spectra and would need further investigations to be clarified. 

4.5.2 Influence of ethanol – removal of capillary forces 

In order to study the removal of capillary forces and further investigate 
the accumulation of ethanol on hydrophobic surface, force measurements 
on the pore array surfaces in water/ethanol mixtures of different ratios 
were performed. 5, 10, 15 and 20 vol% of ethanol were studied by rinsing 
of water injected into the AFM liquid cell in-between every ethanol 
measurement. As seen in the force curve displayed in Figure 4-15a, the 
shape of the curves changes remarkably in presence of ethanol. The 
jump-in distance and the adhesion force decrease with added ethanol and 
the lack of cavitation makes the retract curve jump directly to zero force 
after detaching from the surface. Further, very small traces of ethanol, 
probably accumulated in the pores, were difficult to remove during water 
rinsing and the presence of ethanol affects the in-between measurements 
with water as seen in Figure 4-15b. The jump-in distance and the 
adhesion force display the original value measured in water before the 
very first addition of ethanol but the rupture distance remains at zero just 
like in ethanol mixtures, indicating that no cavity or a very unstable 
cavity that immediately ruptures, is formed. Hence, very small amounts 
of ethanol remaining in the pores have a profound effect on the stability 
of the cavity. For the flat reference surface, ethanol was easily removed 
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cavitation is suggested to be the most likely explanation for the observed 
forces which is further discussed in Paper VI. 

4.6 General discussions about interactions between 
hydrophobic surfaces 
The evidence for air being present close to a superhydrophobic surface 
obtained from confocal Raman measurements is crucial for many of the 
conclusions from the previously presented force measurements, providing 
new insights on the origin of the observed forces between hydrophobic 
surfaces. There have been studies showing both direct and indirect 
evidence of air close to the surface but this study is unique in the sense 
that very long-range effects could be detected by spectroscopy.66,69,70 
Superhydrophobic surfaces gave the most distinct effects on the 
interfacial liquid, displaying the most long-range forces, the largest 
air/water vapor layer and an accumulated layer of ethanol. It is therefore 
reasonable that similar interfacial events occur also at hydrophobic 
surfaces but that the resolution of our confocal Raman instrument is too 
low to detect the layer. Additionally, the thickness of air/vapor/ethanol 
layers probably decreases in conjunction with the hydrophobicity of the 
surface.  
 
The question whether it is an air layer on the hydrophobic surface or if air 
is present in the form of nanobubbles on the surface is often discussed in 
the literature on long-range force, but has not been a main focus of this 
project. Previous studies looking specifically for nanobubbles have either 
proven their existence or found no evidence for such small 
bubbles.58,63,67,160,164 The main controversy of the nanobubbles is their size 
being too small to be stable for more than a short period of time 
according to Laplace pressure theory. Despite this, they have been shown 
to exist for much longer time periods and a study by Wennerström has 
shown how dissolved gas can substantially prolong the lifetime of the 
bubbles.165 As discussed in the section on long-range force curves, the 
large jump-in distance and the repulsive features in the approach force 
curve indicated the presence of bubbles deformed by the colloidal probe. 



56 

 

However, the Raman images show a more continuous layer with very 
weak Raman signals, interpreted as air or water vapor, close to the 
surface. The resolution of the Raman image is probably the limiting 
factor and even though single bubbles would exist on the surface, the 
instrument would have difficulties resolving them. An observation 
favoring the theory on air layers over nanobubbles is that in-flux of air to 
the cavity seems to be crucial during many of the performed 
measurements. A continuous air layer would provide easier access if all 
air is connected compared to the situation where they are split into single 
bubbles.  
 
Another important aspect of interaction forces between hydrophobic 
surfaces is its dependence, or lack of dependence, on surface 
hydrophobicity. Several studies have provided evidence for an increase in 
the range and magnitude of the measured forces as a consequence of 
increasing the hydrophobicity of the surfaces.80,81 However, most of the 
previous studies have been performed on flat surfaces or on surfaces with 
a disordered structure. The studies in this thesis clearly show that surface 
hydrophobicity provide very little information about the quantitative 
values extracted from the force curves. Instead, there seems to be several 
other important factors facilitating cavity formation and growth. The free 
energy of the system is generally lowered by the formation of a cavity in 
close proximity to hydrophobic surfaces. For smaller roughness length 
scales or shallower pores, less water and air are required in order to form 
the cavity due to smaller volume and easier access to air. The surface 
roughness is important due to its ability to confine air within the rough 
features. As seen for the particle coated surfaces, with higher forces and 
rupture/jump-in distances on the particle coated surfaces compared to the 
reference, a certain roughness on the surfaces facilitates cavity growth. 
However, when the surface roughness is too large, it is difficult to 
transport air hidden between the particles to the cavity. It was not 
possible to determine a critical roughness at which the cavity formation is 
hindered instead of facilitated compared to a reference surface. The Ra 
roughness parameter for the 200 and 800 nm particles is much smaller 
than the value measured on a superhydrophobic surface, which clearly 
displays much longer forces and interaction distances. Instead, a mixture 
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of roughness and the ability of the surface to transport air are likely the 
critical parameters. Even though the contact angles are higher on the pore 
array surfaces compared to the reference, this is not accompanied by 
larger forces and the pore structures often seem to counteract cavity 
growth. Since the area around the pore edges is the same for all the pore 
array surfaces, it is reasonable to believe the qualitative influence from 
the pores, for the same pore spacing, is similar on all of them. Hence, the 
differences between the pore depths are likely due to, again, access of air. 
Another reason is the energy barriers presented by the pores and the 
height differences on the particle coated surfaces with the larger particles. 
These energy barriers for movement of the three-phase contact line over 
the surface decrease the range and magnitude of the measured forces. 
 
All the force measurements performed on the different surfaces provided 
valuable information on how to increase or decrease forces between 
structured hydrophobic surfaces. It is not possible to present a complete 
theory predicting exact quantitative values, but a qualitative behavior can 
be foreseen by looking at the following surface properties: The first to 
take into account is the actual structure; does it contain features able to 
function as air reservoirs? The access is also important, a very deep pore 
could certainly host large amounts of air but it might be difficult to 
provide it to the cavity. The length scale of the roughness features is 
another important parameter. As long as the surface is not 
superhydrophobic, the best approach is to compare this length scale to the 
expected diameter of the cavity. A too large roughness length scale in 
relation to the dimensions of the cavity would hinder formation due to the 
escape routes given in the structures, but also prevent movement of the 
three-phase contact line and cavity growth. These rules can be applied 
when looking at other common types of surface structures not 
investigated here, such as pillars or pyramidal shapes. A pillar structure 
of a low energy material would exhibit superhydrophobic behavior as 
investigated by He et al.166 and Park et al.24 This would most likely 
generate the long-range type of force curves previously seen for 
superhydrophobic surfaces. However, it has been difficult to find trends 
in forces and jump-in/rupture distances for this type of force curves and 
formation and growth seem to be completely uncorrelated events. It is not 
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possible to say whether this would be the case also for structured 
superhydrophobic surfaces with, for example, different spacings between 
the pillars as well as different heights. For pyramidal shapes, having more 
open structures, the length scale of the features would be critical. Large 
structures could disturb the formation of a cavity and create energy 
barriers during growth while a small length scale could possibly facilitate 
cavity formation just like the case for the particle coated surfaces. 
However, the structures might be too open to give access to a large 
amount of excess air. A similar approach could be applied to predict 
ranges and magnitudes of forces between hydrophobic surfaces also 
displaying other types of surface structures.   
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5 Conclusions 

This thesis highlights important aspects of surface structures and 
properties in relation to hydrophilicity/hydrophobicity/ 
superhydrophobicity of the surfaces and interaction forces between such 
surfaces. Using confocal Raman microscopy, accumulation of air/water 
vapor was observed in close proximity to a superhydrophobic surface 
providing evidence for cavitation during force measurements between 
hydrophobic surfaces. This observation served as a foundation in the 
following studies which focused on the influence of surface structure on 
the forces. This required preparation of surfaces with a defined structure 
and, hence, surfaces with hexagonally close-packed particles were 
prepared. Roughness analysis and Fourier transforms of AFM images as 
well as contact angle measurements suggested a local order but a slight 
disorder on a longer length scale. It was concluded that the surfaces 
exhibited almost complete wetting but still with some air hidden between 
and beneath the particles. Surfaces with pore array structures displayed a 
jagged three-phase contact line and presence of water in the pores with 
air most likely present around the pore walls and at the bottom of the 
pores.  
 
Force measurements with particle coated surfaces resulted in two 
different populations of force curves showing very different appearances. 
Population 1 force curves had the normal shape most often seen for 
hydrophobic surfaces with a retract curve that was possible to fit to 
capillary force theory. Statistical analyses showed a decrease in range and 
magnitude of the forces with an increase in surface roughness length 
scale, i.e., an increase in particle size. This was attributed to easier access 
of air and lower energy barriers for cavity formation for the smaller 
particles. Force curves measured on flat reference surfaces displayed 
forces in-between those of the particle coated surfaces suggesting that a 
certain surface roughness facilitates cavitation while a too large 
roughness hinders it. The Population 2 force curves displayed extremely 
long-range forces with rupture distances exceeding micrometers and an 
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increase in cavity volume during retraction. Due to the similarity to force 
curves measured on a superhydrophobic surface, it was concluded that air 
bubbles resting on top of the particles and an in-flux of air to the cavity 
during separation were the explanations for this long-range force. 
 
Friction measurements between hydrophilic surfaces showed good 
correspondence to Amontons’ rule with a linear dependence on load both 
during an increase and decrease of the applied load. The calculated 
friction coefficients were found to increase going from a flat surface to a 
particle coated surface but stayed approximately the same for all particle 
sizes. A change in surface chemistry from hydrophilic to hydrophobic 
was discovered to completely change the measured friction forces with 
large adhesion forces being present in the hydrophobic case. 
 
The pore array surfaces also showed different force curve appearances 
with the possibility to directly see the influence of the pores in some of 
them. The normal type of force curves was sorted into Group 1 while 
force curves displaying large rupture forces or discontinuities in the 
retraction curve were assigned to belong to Group 2. Group 1 curves were 
suggested to have been measured on a flat part of the surface while Group 
2 curves are suggested to be recorded in close proximity to pores with the 
pores causing sudden ruptures of the cavity or pinning of the three-phase 
contact line. When looking at the mean values extracted from the force 
curves, the jump-in distance increases with a decrease in pore depth while 
the situation is the reverse for the rupture distance. In a shallow pore, air 
is closer to the surface, hence making it easier for the cavity to form. As 
soon as the cavity is created, a deeper pore can provide more air which 
gives a longer rupture distance.  
 
When water/ethanol mixtures were used as liquid medium during force 
measurements on the pore array surfaces, cavitation of air did not occur, 
as shown by the retract curve going directly to zero force after the 
surfaces were separated. Instead, capillary condensation of ethanol is 
thought to be the main reason for the observed interactions in presence of 
ethanol. It could be concluded that very small amounts, even traces, of 
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ethanol were enough to remove cavitation. Accumulation of ethanol at 
the surface and in the pores is likely the reason behind this observation. 
 
 
Clearly, surface structures have a profound influence on interaction 
forces between hydrophobic surfaces. For structured surfaces, in contrast 
to smooth, it is evident that the hydrophobicity of the surfaces cannot 
solely be used to explain the measured forces and interaction distances. 
The results obtained in this project suggest that it should be possible to 
give qualitative theoretical predictions of the forces between structured 
hydrophobic surfaces with respect to the type of structure and the length 
scale of the structural features. 
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6 Future work 

During the progress of this project many ideas on interesting experiments 
have been suggested. Unfortunately, there has not been enough time to 
invetigate all of them and therefore some of the studies with the ability to 
give further information in relation to the discoveries made within the 
context of this work, are presented in this chapter.  
 
The most obvious experiment would be to look at the summaries on how 
to predict forces between structured surfaces and investigate whether the 
predictions are correct. As discussed in the results chapter, surfaces 
exhibiting pillar structures or pyramidal shapes could be studied. It would 
be especially interesting to investigate if it is possible to find trends in the 
range and magnitude of the force curves for structured surfaces in the 
Cassie-Baxter regime. So far, it was suggested that the range and 
magnitudes of the long-range force curves seen for superhydrophobic 
surfaces are completely random. By using for example pillar structures 
with different heights and spacing, this could be further investigated. 
 
The study of friction was not started until the end of this project and there 
was not enough time to investigate the dependence on surface structure in 
detail. It is evident that surface structures have a huge influence on 
friction forces. Despite the importance of friction both in every-day life 
as well as in industry, there are still only a few studies done on friction at 
the nanoscale. Measurements between superhydrophobic surfaces in 
different media could give valuable information on how the supposed air 
layer and its removal affect frictional forces. Also, friction on the pore 
array surfaces would be interesting to study in order to see if they follow 
the traditional Amontonian behavior.  
 
Wetting and liquid penetration are two phenomena only briefly studied in 
this project. This could be continued using different types of liquids and 
also by modifying the surfaces in different ways using, for example 
different silanes providing charged surfaces. Particles deposited in 
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multilayers instead of a monolayer on a substrate could be used as model 
surfaces when studying imbibition of liquids in a porous layer. 
 
Many questions still remain regarding forces between superhydrophobic 
surfaces. One possible approach could be to study cavitation between 
superhydrophobic surfaces using the surface force apparatus (SFA). In 
contrast to the AFM, the SFA can be utilized to give the position of the 
underlying substrate as well as to visually detect air/water vapor in the 
cavity. This was tried very quickly using the superhydrophobic surface 
prepared by dip coating but it was not transparent enough to be applied in 
the SFA. There exist several recipes describing how to prepare 
transparent superhydrophobic coatings and one of them could possibly be 
tested. 
 
Another way to study fundamental properties of hydrophobic surfaces 
would be through variation of the hydrophobicity of both the surface and 
the colloidal probe. By using the microsphere tensiometry technique 
described in 3.1.4, also the contact angle of a single probe attached to the 
cantilever can be measured. This means that similar/different/ 
higher/lower contact angles of the surface in relation to the probe could 
be used during force measurements.  
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