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ABSTRACT

Engineering and controlling surface anisotropic wettability and liquid spreading on
patterned surfaces is an active area of research, which is of significant interest for a broad range
of applications. Here, we report that nano-microstructured hybrid thin films, composed of an
array of Si nanorods growing onto the compact disk Surface by means of oblique angle
deposition, demonstrate a significantly enhanced anisotropic wetting behavior. The surface
wetting anisotropy is characterized by the increase of the watermark aspect ratio from 1.17 to
4.57. Furthermore, resort to HFTS treatment, an anisotropic wetting study on the compact disk
surface was carried out from both hydrophobic and hydrophilic perspectives. Both the
hydrophilic and hydrophobic anisotropic wettings are interpreted by the Cassie’s law and
Wenzel’s law. And coupled with a qualitative interpretation in a thermodynamic view, our
models fittingly describe the nanostructure’s anisotropic wetting behavior as functions of
measureable surface morphology parameters.
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CHAPTER 1
INTRODUCTION

In nature, anisotropic textured surfaces have direction-dependent physical and chemical
properties that provide the basis for diverse functionalities such as superier adhension for
geckos(Huber et al, 2005), locomotion for water strider (Bush et al, 2007), water repellence of
butterfly wings (Zheng et al, 2007), pollination for plants (Oelschl&gel et al, 2009), and droplet
propelling for shorebirds beaks (Prakash et al, 2008). By mimicking the natrual textures and
engineering synthetic materials to control surface anisotropic wettability is of significant
interests for a broad range of applications, including digital microfluidic devices (Extrand et al,
2007; Berthier et al, 2008) , drug delivery (Pesika et al, 2009; Mahdavi et al, 2008), DNA
microarrays (Chiou et al, 2007), digital lab-on-a-chip devices (Wang et al, 1997), anti-fogging
and fog-harvesting( Krupenkin et al, 2004; Cebeci et al, 2006; Garrod et al, 2007), inkjet printing
(Wang et al, 2004;) and thin-film lubrication (Hiratsuka et al, 2007; Extrand et al, 2007 ), etc.

Recently, advancements in surface engineering, with the fabrication of various
micro/nanoscale topographic features (Bico et al, 1999; Oner et al, 2000; Yoshimitsu, et al. 2002;
Qué&éet al, 2005; Seemann et al, 2005; Maritines et al, 2005) and selective chemical patterning
on surfaces (Gleiche et al, 2000; Zhao et al. 2001; Dupuis et al, 2005), have benn used to
enhance surface anisotropic wettability (Wenzel et al, 2000; Vorobyev and Guo,2009), and
enable the control of the liquid of the film thickness (Xiao et al, 2009) and the shape of final

wetted area (Courbin et al, 2007).



Experimentally, surface groove geometries and chemically patterned inhomogenous
surfaces can produce anisotropic wetting, which results in contact angle variations in different
directions and elongated droplet shapes (Drelich et al, 1996; Gau et al, 1999; Bico et al, 1999;
Chen et al, 2005; Chung et al, 2007; Zhang et al, 2007; Kusumaatmaja et al, 2008). Drelich
(1996) have prepared micrometer-sized heterogeneous surfaces consisting of alternating and
parallel hydrophobic/hydrophilic strips by microcontact printing using an elastomer stamp.
Morita (2005) has also obtained micrometer-scale patterned fluoroalkylsilane monolayer surfaces
with liquidphobic/liquidphilic strips by vacuum ultraviolet (VUV) photolithography. However,
they failed to fabricate a wide area patterned surface with a < 1um line width to evaluate the
wetting anisotropy. Gleiche (2000 and 2001) has fabricated submicrometer-scale patterned
surface consisting of stripes and channels with alternating wettability using wetting instabilities
during the Langmuir-Blodgett film transfer, and demonstrated anisotropic wetting properties on
those substrates. Although anisotropic wetting on geometrical structures has been studied using
micrometer-scale features (Chen, et al. 2005), due to technical limitations, there has been no
deliberate effort to demonstrate whether submicrometric, or smaller features would also lead to
the macroscopic distortion of water drops or anisotropic wetting.

In this thesis, we propose to use Si nanorod arrays fabricated by a so-called oblique angle
deposition method to significantly enhance the anisotropic wetting of compact disk groove
surfaces. This simple and effective method can provide a general approach to enhance the
surface wetting anisotropy of any grooved surfaces. The resulted hydrophilic and hydrophobic
surfaces are analyzed by sessile droplet method measurements as well as sliding angle

characterization. A quantitatively analysis via Cassie’s Law and Wenzel’s Law is applied to



describe the nanostructure’s anisotropic wetting behaviors as a function of measureable surface

morphology parameters.

1.1 Fundamental Concepts in Wetting

1.1.1 Surface Tension

The surface tension y of a liquid is the magnitude of the force F exerted parallel to the
surface of a liquid divided by a line of length L over which the force acts, which has a unit of
N/m. The surface tension is an increased attraction of molecules at the surface of a liquid
resulting from forces of attraction on the sides with fewer liquid molecules.

With some iron wires or glass rods, we can make a three-sides rectangle and a slider, as it
is indicated in Fig. 1.1. And then dip this apparatus into to the DI water. As soon as the apparatus
is removed from the liquid, one observes that the mobile rod moves spontaneously in the

direction of the surface tension force so as to decrease the surface area of the liquid.

Slider

Figure 1.1. A sketch of designed apparatus for the water surface tension estimation.

Here, a water surface can be treated as a stretched membrane characterized by a surface
tension that opposes its distortion, in order to minimize its surface energy. If the mobile slider

moves by a distance Ax, the work done by the surface tension is:

AW =F-Ax =y-L-Ax. (1.1)



This demonstrates that y is also the force exerted per unit length of the rod. In conclusion,
y is a force (per unit length) normal to the rod in the plane of the surface and directed toward the
liquid.

Technically, surface tension, which has the dimension of force per unit length, or of energy

per unit area. For a liquid, the surface tension (force per unit length) and the surface energy
density are identical. But when referring to energy per unit of area, one should use the term
surface energy—which is a more general term in the sense that it applies not only to liquids, but
also to solids. Water has a surface energy density of 0.072 J/m? and a surface tension of 0.072

N/m.

1.1.2 Contact Angle of an ldeal Solids Surface

When a droplet of liquid spreading on a flat solid surface, it will form a spherical cap. And
the contact angle is an angle at which the liquid/vapor interface meets the solid surface, as shown
in Fig. 1.2. The contact angle 6 is the result of the three-phase interaction (vapor, liquid and
solid) measured at the contact line. Fig. 1.2 is a sketch showing the forces acting on the
three-phase contact line. At equilibrium, the force balance in the horizontal direction can be

written as:

Yiv - €0S O = Vs, — V51, (1-2)

or cos@ ="Vsv ™ VSI/},IU , (1.3)

where y,,, ¥ and y;,, designate the surface tensions between phase solid and vapor, solid and
liquid, liquid and vapor, respectively. Eq. (1.2) and (1.3) was first derived by Thomas Young

(Young, 1805).
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Liquid Vapor

Figure 1.2. A sketch of the contact angle and the forces acting on a three phase contact line.

Based on the Young’s Model, when a liquid is deposited onto a solid surface, the liquid

droplet will spread, driven by the solid/vapor surface tension, and balanced by the reaction forces

from the liquid/vapor and solid/liquid tensions.
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Figure 1.3. The classification of different wetting of solid surface by a liquid drop.

The contact angle provides valuable information on the properties of the material surface,

including, adhesion, wettability, solid surface free energy, and surface cleanliness. According to

the value of the contact angle 8 , in general, all surfaces can be classified in to two categories:



hydrophilic surface if & < 90° and hydrophobic surface if 90° < 6 <180°. For hydrophilic
surface, when contact angle 6 =0°, it is called complete wetting. And for hydrophobic surface,
when contact angle 8 =180°, it is called complete drying. Fig. 1.3 shows the classification of

different wetting of solid surfaces.

1.1.3 Apparent Contact Angle of a Rough Surface

Real surfaces are rarely ideal, i.e. perfectly flat and chemically homogenous. They are
usually either physically rough or chemically heterogeneous, or both. Both the surface roughness
and chemical heterogeneity can dramatically affect the surface apparent contact angles.

R.N. Wenzel was the first to consider the influence of roughness on contact angle, and
derived the Wenzel’s Model (Wenzel, 1936). He considered a rough and chemically
homogeneous surface, as shown in Fig. 1.4. The surface energy change due to the infinitesimal
displacement of the three phase contact line on a rough solid surface shown in Fig.1.4 can be
written as,

dE =71 (Vs — Vsp) " dx + y;, * dx - cos 67, (1.4)

where r is the roughness factor of the rough surface, which is defined as the ratio of the

real surface area to the projected surface area, and r >1. 6~ is the apparent contact angle. For r

=1 (flat surface), we can recover Young’s Equation. When dE=0, we obtain the expression for
0,

cos@* =r-cosb, (1.5)

where 6 is the Young’s angle.
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Figure 1.4. The infinitesimal displacement of the three phase contact line on a rough solid
surface (move towards the left).

From the Eq. 1.5, we can draw two conclusions:

1. For a hydrophilic surface with 8 < 90°, surface roughness will make the surface more
hydrophilic, i.e., 8* < 6.

2. For a hydrophobic surface with 8 > 90°, the surface roughness will make the surface

more hydrophobic, i.e., 8" > 6.
However, the roughness factor r could be intentionally made to be arbitrarily large. When
rcos @ >1, the Wenzel’s Law fails. This corresponds to very high aspect ratio of the rough
surfaces. In this case, the surface has to be treated as a composite surface, and one needs to apply

Cassie’s Law.

1.1.4 Apparent Contact Angle of a Chemically Heterogeneous Surface

When a surface becomes inhomogeneous, one has to consider the effect of different
surface energy. The simplest case is a heterogeneous flat surface treated by two different
chemicals, with Young’s contact angle 8, and 6,, respectively, as shown in Fig. 1.5. The
fractional surface areas occupied by each chemical is f; and f,, where f; + f,= 1. Similarly,

the apparent contact angle 6* of this heterogeneous solid surface can be obtained by energy



minimization principles as shown in last section. The total free energy change for the contact line
displacement dx is (Bico, et al. 1999; Marmur, 2003),
dE = f1* (V1—s1 — V1—sv) "X + fo - (Ya=s1 = V2—sv) "dx + 1y dx - cos 6%, (1.6)
where y;_g and y;_,, are the surface tensions between solid and liquid, solid and vapor, r for
chemical # 1; y,_q and y,_g, are the surface tensions between solid and liquid, solid and
vapor, for Chemical # 2. Using the energy minimization principle dE= 0, one has,
cos 8" = f; cos 0, + f, cos 0,. 1.7)
Equation 1.7 is the well-known Cassie-Baxter’s Law, which shows that the apparent contact
angel 6*of a flat heterogeneous surface is the average effect of the two surface components. This
law can be, but not limit to, applied to a flat heterogeneous surface with two composites. It is can

be extended and generalized to more complicated surfaces with more chemical composites.

Vapor Liquid

0*

dx Solid

Figure 1.5.The infinitesimal displacement of the three phase contact line on a flat and smooth,
but chemically heterogeneous solid surface (move towards the left).

As shown in Fig.1.6, if the flat surface is hydrophobic, the water in the droplet cannot
penetrate into the small channels as shown in Fig.1.6 (a). Then effectively the droplet is
spreading on a solid-vapor composite surface, and the apparent contact angle 6* can be
expressed as:

cos 0" = fvapor " COS Qvapor+ (l_fvapor) " cos b, (1.8)

8



where 6 is the Young’s angle on the flat solid surface, and fap0r is the surface area fraction
occupied by water. This situation refers to the Cassie’s state.

However, for a hydrophilic surface, the water will penetrate into the channels, as shown in
Fig.1.6 (b), effectively the water droplet is spreading on a solid-water composite surface, and the
apparent contact angle 8* can be expressed as:

cos0* = fy,, " €osOy,0t (1—fu,,) - cos b, (1.9
where 6 is the Young’s angle on the flat solid surface, and fy, ¢ is the surface area fraction

occupied by water. Since 6y,0=0°, equation (1.8) reduce to

cos0* = fy,, + (1—fu,,) - cosb. (1.10)

() (b)

Figure 1.6. A sketch of water resting on a porous solid surface. (a) Water droplet in a Cassie’s
state. (b) Water droplet in a Wenzel’s state.

This situation refers to Wenzel’s state. Eq.(1.9) tells us that one cannot induce complete
wetting simply by means of introducing the surface roughness, which is different from the

prediction by Wenzel’s Law.

1.1.5 Sliding Angle
Sliding angle is the maximum angle required for droplet rolling off from a tilted surface.
As the surface is inclined, gravity causes the contact angle on the downhill side to increase while

the contact angle on the uphill side decreases. Keep increasing the plate titled angle without



moving the three-phase contact line to a maximum. This maximum plate tilted angle is the
so-called sliding angle. And the two side contact angles of the sessile drop are referred to
advancing and receding angles, respectively.

A real superhydrophobic surface that having the self-cleaning effect, which often requires
the static contact angle 8* > 150° and low sliding angle 6,. Fig 1.7 graphically shows the

sliding angle measurement with a tilting base method.

Tilted plate

Figure 1. 7. Sliding angle captured by tilting base method.

1.2 Oblique Angle Deposition

Oblique Angle Deposition (OAD) (Young, et al. 1959; Motohiro, et al. 1989; Azzam, et al.
1992; Robbie, et al. 1995; Robbie, et al. 1996; Robbie, et al. 1997; Zhao, et al.2002) is a physical
vapor deposition (PVD) at an incident angle (larger than 70°) using a thermal vapor source,
which actually is a PVD under conditions of obliquely incident flux and limited adatom diffusion
results in a film with a columnar microstructure, has been developed as a technique to engineer
the columnar structure of thin films on the micro-and nanoscale. Generally, in OAD, substrate is

rotated to an oblique angle relative to the source. The initial vapor nucleation occurred on the

10



surface can act as seed for subsequent growth of nanorods. And the resulting nanorods are tilted

and aligned, but randomly distributed on the surface, as shown in Fig.1.8.

Incident Vapor Flux

////

- A <«— Nucleus
Substrate

’l.l’l . 1‘4— Nucleus

Substrate

Figure 1.8. Nucleation and shadowing growth. (a) Adatoms condense and nucleation. (b)
Column growth as results of shadowing of the initial nuclei and columns will grow oriented
towards the direction of incident vapor.

OAD is a highly reproducible, flexible, inexpensive nanofabrication method to generate
nanorod arrays relatively easily (Tait et al, 1993; Robbie et al, 1996; Liu et al, 1999; Messier et al,
2000; Zhao et al, 2002). There is almost no restriction on materials since the growth process is a
thermal evaporation process, different materials can be fabricated on different substrates, as the
samples can be seen in Fig. 1.9.

In addition, OAD also provides controls over nanorod size, shape, orientation, morphology,
and density. This unique feature can be used to tune the mechanical, magnetic, and optical

properties of the deposited films.

11



% s %
8 4

Figure 1.9. SEM im
with a length of ~1 pm was deposited using the OAD technique at a vapor incident angle of 86<
(b) Si nanorods array with QCM reading 2000nm was deposited by OAD technique on CD
surface at a vapor incident angle of 86< (c) Si nanorods array with QCM reading 2000nm was
deposited by OAD technique with substrate rotation at 0.5 rev/s on Si wafer at a vapor incident
angle of 86< (d) Si NR array with QCM reading 2000nm was deposited by GLAD technique
with substrate rotation at 0.5 rev/s on CD surface at a vapor incident angle of 86<

1.3 Current Status of Research in Anisotropic Wetting

The anisotropic wettability has attracted much interest more recently. Anisotropic
wettability is achieved either through chemical or topographically patterning. For geometrically
or chemically anisotropic structures, alternating and parallel strips with size or chemistry
differences, the drop shape will be distorted, and the apparent contact angle is no longer uniform

along the contact line, as shown in Fig.1.10.

12
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or surface ridges

Chemical stripes Il
— or surface grooves

Figure 10. The schematic anisotropic liquid droplet top-view representation.

On one hand, anisotropic wetting control on surface with regular chemical patterns has
been studied both theoretically and experimentally. Drelich (1996) reported the anisotropic
wetting on the heterogeneous surface consisting of alternating and parallel 2.55pm hydrophobic
and 2.45 uym hydrophilic strips. And the advancing and receding contact angles, when
measured with the drop edge normal to the strips, were found to be 2-10<lower than those
measured with the drop edge parallel to the strips. Gau (1999) presented liquid micro-channels
on structured surfaces which are built up using a wettability pattern consisting of hydrophilic
stripes on a hydrophobic substrate. The liquid microchannels utilized the anisotropy wetting
properties which could be developed into fluid microchips or microreactors. Brandon (2003) also
studied the anisotropic wetting of chemically patterned surface theoretically. In the study, the
chemically heterogeneous substrates was simulated, and they claimed that contact angle
hysteresis observed in this system was shown to exhibit a degree of volume dependence in the
advancing and receding angles.

And Morita (2005) also reported the anisotropic wetting on micropatterned organosilane
monolayer surfaces with a 1-20 um width, which could be successfully fabricated using a
homogeneous fluoroalkylsilane monolayer with few defects by VUV photolithography. In their
study, the wetting anisotropy decreased with decreasing in the liquidphilic area of the strips ratios

in the range of 1/1 to 3/1. And they also claimed that the strong anisotropy of the contact and
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sliding angles as well as droplet distortion are due to the difference in the energy barrier of
wetting between a line and its orthogonal directions, not the line tension or the asperity.

Bliznyuk (2009) studied the chemically patterned surface which is consisting of alternating
hydrophobic and hydrophilic stripes (fluoroalkylsilane SAMs and bare SiO, surface,
respectively). This chemically heterogeneous surfaces, formed by alternating hydrophilic and
hydrophobic stripes with widths in the low micrometer range, gave rise to anisotropic wetting
properties. As long as the droplet dimensions are 1-2 orders of magnitude larger than the width
of the stripes, these quantities not only depend on the absolute size of the surface pattern, but
only depend on the relative width of the hydrophobic and hydrophilic stripes.

Xia (2010) reported another method of using of simple plasma treatments and polymer
deposition to tailor the anisotropic wetting properties of onedimensional (1D)
submicrometer-scale grooved surfaces, fabricated using interferometric lithography in
photoresist polymer films. In this study, low-pressure plasma treatments with different gas
compositions (e.g., CHF3;, CF4, O,) are employed to tailor the anisotropic wetting properties,
without changing the structural anisotropy, from strongly hydrophobic anisotropic to
hydrophobic with very high contact angle and superhydrophilic with a smaller degree of wetting
anisotropy. It is reported that they can tailor anisotropic wetting while retaining the structural
anisotropy using simple and controllable plasma treatments.

On the other hand, anisotropic wetting of topographically patterned surfaces has also been
intensively studied both theoretically and experimentally. And some engineered surfaces
exhibited anisotropic wetting properties which are derived from asymmetric asperities (Sandre,
et al. 1999). For instance, anisotropic surfaces with microscale ratchet-like features have been

engineered to transport drops in this manner (Shastry, et al. 2006; Linke, et al. 2006 ; Zhang, et
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al, 2009) , although no such surfaces have been synthesized with nanoscale ratchets. However,
Malvadkar (2010) reported an engineered thin film, composed of an array of poly (p-xylylene)
nanorods, which presented a hydrophobic surface deriving its anisotropic adhesive wetting
directly from its asymmetric nanoscale roughness. This hydrophobic surface with anisotropic
wetting possesses unique properties, which has inspired tapered tubes and mechanical beaks that
propel droplets (Prakash, et al. 2008; Renvoisé& et al. 2009). Furthermore, hydrophilic surfaces
with anisotropic wetting can control the extent and shape of the wetted area (Courbin, et al.
2007 ; Chu, et al. 2010).

Zhao (2007) reported anisotropic wetting on submicrometer-scale (groove widths of 318,
396, and 513 nm with varying nanometer-scale depth) periodic topographic structures consisting
of parallel grooves. The groove depth and wavelength of the structures can be controlled by
varying the fluence and incident angle of the laser beam. It was found that the degree of wetting
anisotropy and the contact angle hysteresis measured using sessile drops of 3 pL from the
direction perpendicular to the grooves increased with increasing groove depth, which was
assigned to the increasing energy barrier to drop spreading caused by pinning of the groove edge,
based on a thermodynamic model. However, this submicrometer-scale fabrication did not show a
significant wetting anisotropy, which has a degree of anisotropy only 8° and the water droplet
distortion aspect ratio nearly 1.

Gao (2007) used a facile laser-etching method for the one-step creation of various
controllable dimensions of anisotropic micropatterns consisting of an alternating arrangement of
microgrooves and microstripes with rugged nanoprotrusions, which after modified with
fluoroalkylsilane reagent, showed perfect isotropic superhydrophobicity without apparent CA

hysteresis, water adhesion, and drag resistance, other than the conventional view of anisotropic
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surface microstructures with anisotropic surface dewetting.

Zhang (2007) fabricated a series of hierarchical structures on polymer films using the
technique of sequential imprinting (Zhang and Low, 2006), which is based on conventional
nanoimprint lithography (Chou, et al. 1995). These structures allow one to tune the anisotropic
wettability on polymeric films without the use of chemical treatment. By using different formats
and alignments of patterns in the secondary imprints, various two-level hierarchical structures
were formed, which resulted in tunable anisotropic wettability from 6 “to 54<

Similarly, Chung (2007) also reported the anisotropic wetting on tunable micro-wrinkled
surfaces, which harnessed a wrinkling instability to produce model substrate topographies.
Specifically, they probed the wetting of liquids on anisotropic micro-wrinkled features that
exhibit well-defined aspect ratios (amplitude versus wavelength of the wrinkles) that can be
actively tuned.

Li (2008) studied the anisotropic wetting behavior arising from superhydrophobic parallel
grooved structure surface. They claimed that, for the noncomposite state, decreasing groove
width and spacing or increasing groove depth can amplify the anisotropy for equilibrium contact
angle. Meanwhile, decreasing groove width and increasing depth can amplify the anisotropy for
contact angle hysteresis, while varying groove spacing can barely influence it. For the composite
state, however, the surface geometry hardly leads to the anisotropic behavior.

Xia (2009) studied the strongly anisotropic wetting on 1D PR patterned surfaces, the
surface wetting was tuned from hydrophobic to hydrophilic using silica nanoparticles while
retaining the structural anisotropy. Contact angles, degree of anisotropy, and droplet distortion
are measured on micro- and nanopatterned surfaces fabricated with interference lithography.

However, in this paper, the mechanism of anisotropic wettability is complex and not
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well-understood.

Khare (2009) studied the anisotropic wetting behavior and fluidic transport as a function of
surface energy and groove geometry on soft poly (dimethylsiloxane) (PDMS) substrates with 1D
sinusoidal wrinkle patterns. And it was found that the contact angle in the direction perpendicular
to the grooves is larger than that parallel to the grooves. This wetting anisotropy, for a fixed
Young’s contact angle, was also found to increase when the grooves become deeper.

Chu (2010) stated that the anisotropic wetting behavior preserves left-right symmetry.
They claimed that they can harness the design of asymmetric nanostructured surfaces to achieve
uni-directional liquid spreading, where the liquid propagated in a single preferred direction and
pins in all others. And they determined that, through experiments and modeling, the spreading
characteristic was dependent on the degree of nanostructure asymmetry, the height-to-spacing
ratio of the nanostructures, deflection angle and also the intrinsic contact angle.

To summarize, first, most of the current surface modification, both chemically and
physically, for anisotropic wetting study mainly focus on a micron or sub-micro scale rather than
nanoscale modification, due to technical limitations. There have been few deliberate efforts to
demonstrate whether submicrometric, or smaller, features would also lead to the macroscopic
distortion of water drops or anisotropic wetting characteristics, and how this would occur, which
remains a challenge in this field.

Here, we proposed a Si nanorods aided method to significantly enhance the anisotropic
wetting of 1-D Compact Disk grooved surface in a in a nano/ sub-micro meter scale. And also a
quantitatively analysis via Cassie’s Law and Wenzel’s Law is proposed to successfully describe
the nanostructure’s anisotropic wetting behavior as a function of measureable surface

morphology parameters.
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Furthermore, for the abovementioned research, either chemically or topologically, most of
the surfaces with differing wettabilities were produced using various techniques, such as
microcontact printing (Kumar, et al. 1994; Xia, et al. 1997; Evans, et al, 1995), micromachining
(Abott, et al. 1992), photolithography (Wang, et al. 1997; Calvert, et al. 1993), ultraviolet
photolithography (Morita, et al. 2005), interferometric lithography ( Xia, et al 2010), optical
lithography (Bliznyuk, et al. 2009), which are relatively costly and complex. And also, although
lithographic processes are currently the most widely employed and studied techniques for the
production of sub-micrometer-sized pattern, however, no dramatic improvements in the

accessible sizes should be expected in the future.

1.4 Motivation of This Research

Recently, the control of surface anisotropic wettability has attracted a significant scientific
attention in many research areas, including fluid physics, interface physics, biotechnology and
materials science. This is mainly driven by sophisticated fabrication technologies, including
well-defined chemically and topographically micro/nano-patterned surfaces where wettability is
an important design parameter (Kumar et al. 1994; Wouters et al. 2004; Martines et al. 2005).
These engineered “smart” surfaces have broad technological applications in industry, including
micro- or nanofluidic devices (Grunze 1999; Zhao et al. 2001; Blossey et al. 2003), glass coating
and printing (Ma and Hill. 2006; Feng et al. 2004).

Numerous studies in anisotropic wetting have been conducted on topographically
anisotropic surface (Chen, et al. 2005; Chung et al. 2007; Zhao et al. 2001) and also chemically
heterogeneous surface (Zhao et al. 2001; Zhao et al. 2002; Morita, et al. 2005). More specifically,
some researchers mainly resort to physically tuning the duty ratio , aspect ratio or surface

roughness of the grooved surface (Sinusoidal or rectangular grooves) to control the surface
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anisotropic wettability. And some others presented an experimental study of the tunable
anisotropic wetting behavior of the chemically patterned anisotropic surface. Arising from
patterns of alternating hydrophilic and hydrophobic stripes with dimensions in the
low-micrometer range, water droplet distortion are investigated in relation to stripe widths.
However, both surface physical duty ratio tuning and chemical stripes alternating are involving
in many sophisticated technologies, such as etching and metallization, which are costly and
complex.

Here, we present a fast and simple method, using oblique angle deposition (OAD), to
easily generate extended patterned surfaces with controlled wetting properties on the Compact
Disk Surface without involving in any complex processing. OAD technique has attracted the
interest of many researchers, due to its ability to generate nanostructures relatively easily,
conveniently and inexpensively (Tait et al, 1993; Robbie et al, 1996; Messier et al, 2000; Liu et
al, 1999; Zhao et al, 2002 ). Specifically speaking, with oblique angle deposition, one can
produce different nano-sized columnar films with controlled porosity and shapes, and also it can
form nano-column array naturally. Furthermore, the porosity of the film can be controlled by
simply changing the vapor incident angle. In addition, with oblique angle deposition, the shape
and in-plane alignment of columns can be easily modified. And also there is almost no restriction
on materials for OAD fabrication since the growth process is a thermal evaporation, thus this
method should not be restricted to a specific materials and may be extended to other rapidly and
easily. Consequently, OAD is an ideal technique which can be well harnessed to fabricate various
nanostructures with different anisotropic surface morphology, and thus different anisotropic
wetting properties (Wouters and Schubert, 2004).

In addition, the wettability of silicon nanorods depends strongly on the nanorods height
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and is easily changeable from hydrophilic to hydrophobic by HFTS treatment (Fan et al, 2003;
Fan and Zhao, 2007). This further demonstrated that siliocon nanorods aided method via OAD
will be an effective and feasible technique to tailor the surface anisotropic wetting properties of

compact disk surface with multi-angle.

1.5 Organization of the Thesis

The thesis is arranged in the following manner:

Chapter 2 gives a detailed description of the experimental design and sample preparation
procedures. It includes the sample fabrication conditions, SEM characterization, and
heptadecafluoro-1,1,2,2-tetrahydrodecyl  trichlorosilane (HFTS) treatment for creating
superhydrophobic surfaces, and an introduction to sessile droplet method for static contact angle
measurement.

Chapter 3 reports the Si nanorods enhanced anisotropic wetting on compact disk surface
from hydrophilic perspective. We compared the wetting properties of Si wafer, CD, CD coated
with Si and SINR coated CD samples, and found that the SiINR deposited perpendicularly to the
CD grooves can greatly enhance the anisotropic wetting of the surface.

Chapter 4 studies the Si nanorods enhanced anisotropic wetting on compact disk surface
from hydrophobic perspectives. By modifying the silicon surface with HFTS, the surface will
become hydrophobic. How would the hydrophobicity change as the surface morphology change
is a very interesting problem, and we focus on answering this question in this chapter.

Chapter 5 summaries all the results and gives some future prospects.
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CHAPTER 2
EXPERIMENTAL DESIGN AND PREPARATION

This Chapter gives a detailed description of the experimental design and preparation:
sample characterization and measurement conditions. Specifically, it is about the sample
fabrication, SEM characterization, and HFTS treatment for creating hydrophobic surfaces.
Furthermore, a systematic introduction of Sessile Droplet Method for static contact angle
measurement will be presented. In addition, a brief introduction to the sliding angle measurement

as well as watermark photography will be particularly rendered.

2.1 Substrate Preparation

Silicon Wafer: The silicon wafer (Montco Silicon Technologies, Inc. P/Boron<100>,
100+/-0.5mm) was cut into 3cm > 2 c¢cm size. And they were cleaned by the mixture of DI
water : Hydrogen peroxide: Ammonium hydroxide with a volume ratio of 5:1:1 for 30 min
followed by DI water rinsing and compressed nitrogen (N,) blow drying, and were served as the
substrates for deposition.

CD Substrate: The CD (MAM-A / Mitsui. Inc. MAM-A color thermal) was etched in
nitric acid (68%-70%, EMD Chemicals. NX0409-75) for 30 seconds, rinsed in the DI water flow
for about 2 minutes, and dried in compressed nitrogen for about 2 minutes. Then the CD was cut
intol.5cm x 1.5cm pieces by a scissors, as shown in Fig.2.1. The edges of the CD pieces were
smoothed by a single edge razor blade (Garvey Products. Inc.). After removing the flakes by

compressed nitrogen the CD pieces were rinsed again in the flowing DI water. Finally, the CD
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substrates will be dried by the compressed nitrogen and loaded onto the sample holder for

deposition.

Si Wafer

Substrate holder

1oden Juspiou|

Figure 2.1. Substrates arrangement for oblique angle deposition. (a) A sketch shown cutting the
CD. (b) The substrate arrangement on a substrate holder.

Since the CD has grooves, the substrates were loaded to the substrate holder according to
Fig. 2.1. The bottom row was silicon wafers, the middle row were CD samples with grooves
parallel to the vapor incident direction, and the top row was CD samples with grooves

perpendicular to the vapor incident direction.

2.2 Sample Fabrication

All the samples, both silicon thin film and Silicon nanorods (SiNR), were fabricated using
a custom-designed electron beam-sputtering evaporation system (Torr International Inc., NY), as
figure 2.2 shows. The substrates were positioned in the vacuum chamber so that the vapor
incident direction was at a certain angle with respect to the surface normal of the substrates for
thin film or nanorods deposition. During the evaporation, a Quartz Crystal Microbalance (QCM)

directly facing the vapor was used to monitor both the thickness and the rate of the deposition.
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The basic principles of oblique angle deposition were previously detailed introduced in the thesis

section 1.2.

-
--.
86°
|
: Si Vapor

Figure 2.2. Custom-designed electron beam-sputtering evaporation system for OAD. (a) A
sketch of the setup for template oblique angle deposition. (b) Photograph of electron
beam-sputtering evaporation system in our lab for OAD.

As regarding of the nanorod depostion, first, a very thin layer of Ti was deposited onto the
substrates as an adhesion enhancing layer. In order to ensure a full coverage of Ti, we designed
the following procedure: first deposit a layer of 10nm Ti with vapor incident angle a =0°, then
the substrates were rotated to @ =45°, we deposited another 10nm Ti, and finally the substrates
were rotated to a = —45° with 10 nm Ti deposition.

After Ti deposition, we deposited the silicon thin film followed the same strategy of Ti
deposition. In this case, each Si deposition was 20 nm thick. Finally, Si nanorod arrays were
deposited at a =86° follow Fig. 2.1(b). For SiNR fabrication, the Si deposition rate was set at

0.2nm/s with a QCM thickness of 2000 nm and the chamber pressure keeps below 3x10° Torr.
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2.3 SEM and AFM Characterization
The morphologies of all the samples were characterized by a field-emission scanning
electron microscope (FE-SEM) (FEI, Inspect F). The morphology of the polymer-stripped-off

CD surface was characterized by the atomic force microscopy (AFM, Veeco Metrology Group).

2.4 Chemical Treatment

After Si deposition, the surface will be hydrophilic due to the formation of nature oxide
layer. To make the surface hydrophobic, we perform a chemical treatment for the as-deposited
samples. Specifically, a  self-assembled HFTS monolayer ~ was  created
(Heptadecafluoro-1,1,2,2-tetrahydrodecyl) trichlorosilane (Gelest, Inc. CAS 78560-44-8) on
silicon thin film or nanorods surface by mean of chemical vapor surface modification (CVSM)
method. This layer of HFTS SAM could tailor the surface wetting properties from hydrophilic to
hydrophobic.

The HFTS is a silane (C10H4Ci3F17Si) with molecular structure, as shown in Fig. 2.3. The
molecule length of the HFTS is about 1.7 nm (Tada and Nagaysma, 1994) and the critical surface
tension of the —CF3 group is about 6 mN/m, which is the lowest critical surface energy ever
reported (Shibuichi, et al. 1998) and can be perfectly used to tailor the surface wetting property
into hydrophobic .

F F F F F F F F

FF FF FF F F Cl
Figure 2.3. Molecular structure of HFTS
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To form HFTS SAM on Si surfaces, we used a chemical vapor surface modification
(CVSM) method. The experimental setup is shown in Fig. 2.6. The as-deposited samples were

loaded onto the aluminum latticed interlayer in the middle of a Wheaton Vacuum Chamber

(Fisher Scientific) as shown in Fig. 2.4.

(a) @~ Towall vacuum

Samples on a Al
latticed interlayer

Vacuum

.
¥ -

Figure 2.4. (a) The CVSM setup for HFTS SAM creation. (b) Photograph of the CVSM setup in
our lab.

A droplet of 60ul HFTS was pipetted in bottom of the vacuum chamber. Then, the
chamber was pumped down using the wall vacuum. After about 22 hours, the samples were
taken out from the chamber, rinsed with DI water, and dried with compressed N,.

The contact angle measured on the HFTS modified Si wafer by CVSM technique with a
sessile drop method is 113+1°, as shown in figure 2.5 (b), which is consistent with the contact
angle value reported by Tada (Tada and Nagayama, 1994). And also, similarly, we used CVSM
technique to create a layer of HFTS SAM onto the glass wafer, which gave us a static contact

angle of 113.51+0.5°, as can be seen in the figure 2.5(d).
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Figure 2.5. Static contact angle (CA) measurement on the samples before or after HFTS
treatment. (a-b) Static contact angle measurement on silicon wafer. Before HFTS treatment:
CA=28.5°. After HFTS treatment, CA=113.9°. (c-d) Static contact angle measurement on glass
wafer. Before HFTS treatment: CA=27.2°. After HFTS treatment, CA=113.5°.(e-f) Static contact
angle measurement on QCM reading 1000nm Si nanorods, fabricated with GLAD technique
with rotation speed 0.005 rev/s at 86° vapor incident angle. Before HFTS treatment: CA=3.2°.
After HFTS treatment, CA=155.6°.

2.5 Sessile Droplet Method
The contact angles of the Si wafer, coated CD surfaces and HFTS treated substrates were
measured by a sessile droplet method. The sessile droplet method measures the droplet contour

on the surface through an optical system as shown in Fig.2.6.
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Figure 2.6. The contact angle measurement system (Data Physics OCA 20) in our lab: a liquid
droplet (DI water for all my experiments) is deposited onto the samples’ surface through a
microsyringe, the contour the liquid droplet is captured by a CCD camera.

We used the SCA 20 (Software for OCA and PCA) to perform the contact angle
measurements. After capturing the droplet shape, the contact angle was determined by fitting the

droplet contour. Here we used Young-Laplace fitting with a fixed droplet volume of 2pl.

2.6 Sliding angle Measurement

The sliding angle of a water droplet on the hydrophobic surface were measured by a
home-made setup shown in Fig.2.7. A water droplet with fixed volume of 10ul was dispensed
onto the sample surface by a microsyringe. Then the substrate was tilted slowly until we reach a
critical angle 65 , where the droplet started to trolling down along the slope. This angle can be

simply read by a vernier attached to the setup.
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A knob with vernier
rotating the holder from

0 to 180°

Figure 2.7. A custom built system for sliding angle measurement.

2.7 Watermark and Droplet Shape Photography

The droplet shape after a 2-ul water droplet was dispensed onto the surface were recorded
by Digital Camera (Cannon SD940) with the shape size larger than 1 mm.

When the shape size is smaller than 1mm, obtaining a clear view of the droplet shape is
beyond the capacity of a common digital camera, and thus, a Phantom digital high speed image

system is used, as can be seen in Fig.2.8.
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Video imaging of 2ul water
droplet in the connected
computer software

Figure 2.8. Phanton digital high speed image system for photography of the water droplet
resting on the samples in a millimeter scale.
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CHAPTER 3

HYDROPHILIC ANISOTROPIC WETTING

In this chapter, we report our experimental results on the hydrophilic surface. We
compared the wetting properties of Si wafer, CD, CD coated with Si and SiNR coated CD
samples, and found that the SINR deposited perpendicularly to the CD grooves can greatly
enhance the anisotropic wetting of the surface, while the SiNR grooves parallel to the CD
grooves did not show significant anisotropy. And the experimental results indicate that the
SINRLCD sample demonstrates a significantly enhanced anisotropic wetting behavior, tailoring
the surface wetting anisotropy by increasing the watermark aspect ratio from 1.17 to 4.57. The
contact angle of the SINRLCD sample also showed anisotropy: the contact angle parallel to CD
groove 8,= 16+2°, and the contact angle perpendicular to the surface groove 6,= 6.8+0.5< We
have used both Cassie’s Law and Wenzel’s Law to interpret the contact angle changes

quantitatively for different substrates.

3.1 EXPERIMENTAL RESULTS

3.1.1 The wetting of CD or Si film modified CD

The wetting properties of CD and Si film modified CD were characterized as the
references. Fig.3.1 shows the corresponding droplet shape and contact angle when a 2-ul water
droplet was placed on a stripped CD surface. We can see that from top view, the droplet

elongated along the CD groove direction. We define the direction along the CD groove as x(Il)

30



direction, and the direction perpendicular to CD groove as y(L) direction as shown in Fig. 3.1 (a).
Then the droplet shape aspect ratio n is defined ratio of the elongated direction diameter L to
the y(L) direction W, as can be seen in Fig.3.1. For this particular case, we have L=
3.50 + 0.01lmm and W=2.95 + 0.01mm, so n =1.19. And the static contact angle viewing in the

y(L) and x(ll) direction are also different with a 6,=25+3° and 6,=21+1°

¢ ")

y(d)

x(II)
(c) (d)

pr — -

Figure 3.1. Anisotropic droplet quantitative analysis: (a) schematic water droplet top-view
representation and (b) photograph of an asymmetric DI water droplet on a polymer-stripped-off
CD surface with an aspect ratio 1.17, which is defined by the ratio of its length to width, where
length L is the size of the watermark along the surface grooves and the width W is the size of the
watermark perpendicular to the surface grooves. (c-d) The water droplet profile and static contact
angle measurement demonstration.
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Table 3.1. Static Contact Angle Measurement on Si Thin Film Modified Surface

Silicon Wafer CD Substrate
Chemical SiWafer | Sithinfilm | Si Modified | Si Modified | Bared CD | Bared CD
Treatment as acontrol | Modified o— — e E——
Without HFTS | 28.5+0.5° | 28+1° 25+3° 21+1° 52°
HFTS Treated 114+1° | 118.3+0.3° | 1285+0.6° | 124.8405° - -

Table 3.2. Static Contact Angle Measurement on SiINR Modified Surface

After Si thin film modification, QCM reading 2000nm SiNR will be grown onto CD or Si wafer via OAD at 86° vapor incident angle

Si Wafer CD Substrate
Chemical SiNR modified SiNR modified SiNR modified SiNR Modified SiNR Modified SiNR Modified
S | W | = | e
Without HFTS 10.8+0.6° 9.7+0.9° 13+ 2° 1443 16+2° 6.840.5°
HFTS Treated 141.540.3° 139.6+0.5° 141.74+0.9° 142.2 £0.4° 145+1° 140.740.3°

Annotation for table 3.3 and 3.4:

1. CCD: The center line of CCD (Data Physics OCA 20) when we measure the static contact angle by the sessile drop method with

a fixed 2 pL water droplet.

2. VID : The Vapor Incident Direction when we fabricated nanorod by the OAD method using a custom-designed electron-beam
evaporation system.
3. TD: The sample tilted direction when we measure the sliding angle with a fixed 10 uL water droplet.
4. For all the samples, we firstly deposit 10nm Ti thin film onto the substrates (CD and silicon wafer) respectively with 0°/45°/-45°
vapor incident angle, as an adhesion enhancing layer.
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Table 3.3.Water Droplet on Si Thin Film Modified Samples
Silicon Wafer CD Substrate
Without HFTS ™5 thin film Modified Si wafer | Si thin film modified Bared CD Bared CD

e

Treatment

Water droplet

Top-view
Size (mm) Diameter: 3.16 + 0.03 L:350+0.01 | W:295+0.01 | L:243+0.01 | W:2.08+0.01
Aspect Ratio
n=L/W 1 1.19 1.17

Annotation for table 3.1 and 3.2:
1. Degree of Anisotropy characterizes the distortion of three phase contact line in the anisotropic wetting. In the thesis, we use the

aspect ratio or the watermark or water droplet to represent and evaluate the degree of anisotropy.
2. For the watermark or droplet distortion characterization part, the volume of all the used water droplet is fixed at 2ul.
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Table 3.4.Watermark on SiNR Modified Samples

After Si thin film coating, QCM reading 2000nm SiNR will be grown on CD or Si wafer via OAD at 86° vapor incident angle

Si Wafer CD Substrate
Chemical SiNR modified Si Wafer SiNR modifigd V\Vith Parallel Growth SiNR Modified with Vertical Growth
Treatment \/‘> »9' ;—i =
—> / / | e
Without HFTS
Watermark
Size (mm) L:4.94+0.04 | W:451+003 | L:526+0.04 | W:489+005| L:11.98+0.05 | W:2.62+0.06
Aspect ratio
n=L/W 1.10 1.08 4.57
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3.2 DATA INTERPRETATION AND DISCUSSION

In this experimental results discussion section, a theoretical interpretation to all the static
contact angles and also the watermark aspect ratio on the hydrophilic surface will be particularly
provided.

3.2.1 Static Wetting Study and Comparison

3.2.1.1. Silicon thin film modified Silicon wafer vs. SINR modified Si wafer

According to table 3.1 and 3.2, we can get to know the contact angle of these two samples
as following:

Silicon thin film modified Silicon wafer: 6g; = 28+1°

Si nanorod modified Silicon wafer: Ogiyg—; = 10.8+0.6° (CCDLVID)

Osing—1 = 9.740.9° (CCD || VID)

Basically, we can consider the surface of Si nanorod modified silicon wafer as a rough, but
chemically homogeneous surface. And it can be considered as a kind of porous material, in/on
which the liquid can be absorbed (Bico, et al. 2001). We can image that some liquid escapes from
the droplet and penetrates into the nooks and crannies of the solid. The droplet could find itself
essentially on a wet surface viewed as patches of silicon and water, this is also the so-called
hemi-wicking.

air front l dx

————

Figure 3.2. A sketch for the Hemi-wicking. The water film propagates from a deposited drop, a
small amount of liquid is sucked into the titled silicon nanorods, and then spread across the
water-silicon composite to form the equilibrium contact angle.
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Reasonably, we can assume that when a film propagates from a deposited drop, a small
amount of liquid is sucked into the titled silicon nanorods, and the remaining drop sets on a
patchwork of solid and liquid. According to Cassie’s Law, the apparent contact angle Og;ygr Can
be expressed as:

cos Oginr = Os - cos Og; + 1 — Ds. (3.1)
where @ is the silicon nanorods fraction remaining dry, for larger height A > 150 nm, it is
constant at about 0.2 (Fan, et al. 2004). Given 6g; = 28+1°, equation 3.1 yields a Og;yg Of

11.1 4+ 0.9 °, which is very close to our experimental results.

3.2.1.2 Silicon thin film modified Silicon wafer vs. Silicon thin film modified CD substrate

According to table 3.1, we can get to know the contact angle of these two samples as
following:

Si nanorod modified CD substrate: 6g;_cp—, = 21 + 1° (CCD_LGroove)

Bsi—cp— = 25%3° (CCD |l Groove)

Likewise, we can take the surface of Si thin film modified CD substrate as a rough, but
chemically homogeneous surface. And the surface roughness is introduced by the CD surface
grooves. Specifically, we assume that the surface roughness is 7g_cp—; and 7si_cp-. .
respectively corresponding to the apparent contact angle 6;_cp_; and 6s;_cp-_. .

According to Wenzel’s Law, we can obtain following equations,

€0s Bsi—cp—| = Tsi—cp-| * €OS bsi, (3.2)

and €0S Osi_cp—1 = Tsi—cp—. * COS Bs;. (3.3

Submit the experimental results of contact value of Os;_cp—y, Osi—cp—. and Os; into Eq.
(3.2) and Eg.(3.3), respectively, by calculation, we can obtain the surface roughness
Tsi—cp— = 1.08and r5;_cp—; = 1.06. This can be confirmed by AFM measurement of CD.
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Figure 3.3. An AFM characterization of the polymer-stripped-off CD surface. (a) Top view of
10x 10 um? topographic image and (b) 3D view of the 25x 25 pum? topographic image.

An AFM characterization of the CD surface is given out in Figure 3.3. The AFM pictures
analysis is carried out with the Nanoscope Control Software (Quadrex, Digital Instrument) and
the bared CD has an average periodicity 1.4294+0.006 pm and a depth 178+5nm. Thus, we
assume the profile mathematical function is,

y=f(xX)=Acoswx , (3.4)

where A=89nm, w = 2“/}L and A =1429 nm.
1429nm

ol b d
\/ 178/nm X
Y

Figure 3.4. A mathematic description of the CD surface profile, based on the measured surface
parameters by Atomic force microscopy (AFM, Veeco Metrology Group)
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We can estimate the surface roughness rs;_cp induced by the grooves as following:

si—-cD = Sabcde / A (35)

and Sabede = 4f0%\/(1 + (—Aw sin wx)?) - dx, (3.6)
where S,,cqe 1S arc length along the cosinodal function. Via MATLAB programming, we can
obtain Sypcqe = 1482 nm, which results a predicted r5;_cp = 1.04. This is well consistent with
the roughness factor obtained from Wenzel’s law. Detailed calculation could be found in

Appendix A.

3.2.1.3 Silicon thin film modified Silicon wafer vs. SiNR vertical growth on CD substrate

According to the experimental data from table 3.3 and table 3.4, we can get to know the
contact angle of SiNR vertical growth on CD substrate as following:

SiNR vertical growth on CD substrate:  sinr-cp-v, = 16 £2° (CCD | Groove)

Osinr-cp-v, = 6.8 £ 0.5° (CCD.LGroove)

The SiNR modified CD surface can be view as a very rough hydrophilic surface. We can

apply the classic Cassie’s law,
oS Osinr—cp = fH,o (1—fH,,) €OS Os;, (3.7)

where Og;= 28+1°, and fy,c is the surface area fraction occupied by water after the droplet
spreading on the surface of the nanorod structure. From the measured contact angle, one can
obtain that fy,,=0.66+ 0.08.

The SEM images of the surface are shown in Fig. 3.5, based on the surface morphology,
we can estimate fy, ~theoretically.

After we deposited a water droplet onto the sample, after wetting, the silicon nanorods

could be bundled together due to nanocarpet effect (Fan, et al. 2004; Fan and Zhao, 2006).
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Consequently, we can treat the surface as bundled silicon nanorod as shown in Fig. 3.6. And
finally, the droplet will find itself essentially resting on a wet surface viewed as patches of silicon

and water.

Figure 3.5. SEM image of SiNR on the CD surface with vertical growth. (a) Top view. (b-c)
Oblique view. (d) Cross section view.

The water film invades the texture of the solid decorated with sub-microchannels. Due to
nanocarpet effect, the bundling tilted silicon nanorods forms parallel aligned silicon walls. If we
deposit a water droplet onto the sample, the water will spontaneously fill the grooves very
quickly, and resting in the hemi-wicking state, the surface area fraction occupied by water could

be estimated by the following equation:
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f,0= (1429nm — 423nm)/1429nm = 0.704. (3.8)
This result is consistent with the experimental result from equation 3.6, that the surface

area fraction occupied by water should be 0.66+ 0.08.

1429nm Substrate

Figure 3.6. The model of the surface profile of SINR on CD substrate with vertical growth.

However, as regarding of the contact angle Osing—cp-v, = 6.8 £ 0.5°, for which the
center line of the CCD is vertical to the CD grooves, we are capable of giving a well explanation
based on a free energy thermodynamic analysis (Li, et al. 2005; Li, et al. 2008; Long, et al.
2006).

Specifically, in the thermodynamic methodology, the free energy (FE) curves clearly
shows different configurations of free energy barrier (FEB), such as shape, size, and frequency of
occurrence, for different directions towards the surface grooves (Li, et al. 2008). Usually, there
are a great number of FEBs in the direction of perpendicular to the surface grooves. This may
therefore cause the pin effect of the three-phase contact line because of numerous metastable
states, when a droplet advances on the grooved surface around this direction. As a result, the
apparent CA perpendicular to the surface grooves are very close to the advancing CA, in our
experimental result, which is Ogixr-cp-v, =16 + 2°.

However, in direction of parallel to the surface grooves, wetting metastable states with

lower FE will easily be attained due to the less number of FEBs, which is thus expected to be
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smaller than contact angle in the groove perpendicular direction, in our case, which is

Osinr-cp-v, = 6.8+ 0.5°.  Detailed discussion could be found in appendix B.

3.2.1.4 Silicon thin film modified Silicon wafer vs. SiNR parallel growth on CD substrate
The static contact angle of SINR on CD substrate with parallel growth are:
Osinr-cp-p, = 14 £ 3° (CCD || Groove)
Osinr-cp-p, = 13 £ 2° (CCD.LGroove)
Similar to discussion in section 3.2.1.3, for Osinr-cp-p, = 14 + 3°, the SiNR modified
CD surface with parallel growth can also be viewed as a very rough hydrophilic surface.
However, there are some differences compared to Fig.3.6. 1) Si NRs were also growing in the
CD grooves in the parallel growth processing; 2) The nanorods tilted direction is parallel to the
surface grooves in the way of nanorods parallel growth. A sketch of the morphology differences

can be seen in Fig. 3.7.

(b)

SiNR in groove

Figure 3.7. A sketch of surface morphology comparison for SiNR growing. (a) Lsurface grooves
and (b) |l surface grooves.

Then, we can treat the SINR modified CD substrate as a hydrophilic porous surface. A
hemi-wicking theory can be used to model the surface wetting behavior. We can treat both
nanorods on ridges and inside grooves are bundled together as shown in Fig.3.8.

Similar to the section 3.2.1.3, we can also apply the classic Cassie’s law again to
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predict Osinr—cp-p, IN this special case. The apparent contact angle 8sinr-cp-p, could also be

determined by equation 3.7.

r
=
=

£

1429nm 1429nm

Substrate

Figure 3.8. A morphological model of SiINR on CD substrate with parallel growth.

From section 3.2.1.3, when the water droplet achieves equilibrium after spreading, the
water surface area fraction on the sample with SiNR parallel growth, as the sketch indicated in
figure 3.6, could also be estimated by equation 3.7, which gave us a value of 0.704. This
theoretical result obtained from SEM images is well consistent with the experimental result that
the surface area fraction occupied by water in this silicon nanorod parallel growth case should be
fu,,=0.72 £0.7.

However, similar with the description in section 3.2.1.3, a greater contact angle
Osinr-cp-p, = 14 £ 3°is measured when the drop is viewed from the direction parallel to the
grooves compared with that measured in the perpendicular direction 8ging—cp-p, = 13 £ 2°.

The contact angle difference (6, — 6,) is about 1° for the SINR parallel growth sample,
and this contact angle difference is much smaller than that for the SiNR vertical growth sample,
which is about 9.2°. This is caused by the surface morphology differences between these two
samples. Specifically speaking, there are some nanorod growing into the CD grooves for the
parallel growth samples, however, the nanorods can only be deposited onto the ridges in the way
of vertical growth due to the shadowing effect in Oblique Angle Deposition, as it can be seen
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from the figure 3.4, 3.5 and 3.6. The following analysis might throw some light on this
phenomenon.

As regarding of the Si nanorods fabricated with OAD at 86° vapor incident angle, they
had a tilting angle of 51+3° with respect to the substrate normal (Fan, et al. 2008). Then for our
QCM reading 2000nm tilted silicon nanorods, the nanorod length is about 1172nm, and thus the
nanorods vertical height is about 885nm, which is much larger than the groove depth 187nm. For
our sample of silicon nanorod parallel growth on the CD substrate, the nanorods growing in the
surface grooves will fill it up. When we deposit a droplet of water onto the surface, the
nanaocarpet effect will make the tilted nanorod to form silicon walls, as can be seen in figure 3.8.
Then the anisotropy of the surface morphology is reduced by the filled silicon nanorods,
compared with the silicon nanorods vertical growth on the CD substrate. Then, this topographical

structure anisotropy caused anisotropic wetting is undermined.

3.2.2 Watermark and Droplet Shape Discussion

The anisotropic wetting is reflected by the water droplet spreading shape. For a flat and
homogeneous surface, the water droplet contour should be a circular shape as shown in Table 3.1.
For the anisotropic surfaces, the droplet shape will be elongated. As shown in Table 3.2, the
droplet shape on stripped CD surface has an aspect ration = 1.17; For the silicon thin film
coated CD surface, n =1.19; For Si nanorod coated CD surface, the aspect ratio n values are
different depending on the coating method. For the parallel coating sample, n =1.08, while for
the perpendicular coating as shown in Table 3.2, the watermark becomes highly elongated along
the surface grooves, and n = 4.57. Such an elongated anisotropic behavior on the silicon
nanorod deposited CD samples can be explained by the so-called free energy barrier (FEB)

theory. There are FEB distribution difference in different directions on the grooved structure due
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to the geometrical and chemical inhomogeneities. There are more FEBs in the directions of
perpendicular to the surface grooves.

Consequently, the three-phase contact line of the liquid was pinned perpendicular to the
grooves and spreading along the grooves on the anisotropic samples surface, thus resulting in an
asymmetric droplet shape (Long, et al. 2005; Morita, et al. 2005; Zhao, et al. 2007; Chung, et al.
2007; Li, et al. 2008; Yang, et al. 2009; Khare, et al. 2009). Detailed discussion could refer to the

Appendix B.

3.3 CONCLUSION

In this chapter, we have experimentally studied the hydrophilic wetting properties of the
engineered nanostructured surfaces. The experimental results indicate that the Si NRs
deposited perpendicularly on CD substrates has demonstrated a significantly enhanced
anisotropic wetting behavior. The shape of water droplet on this surface has an aspect ratio of
4.57, and the contact angle has an anisotropy with 6,= 6.8+0.5and 6,= 16+2°. The contact
angle on these rough surfaces can be explained by either classic Cassie’s law or Wenzel’s law.

Our results reveal that (1) the difference in the wetting behavior in the two directions is
attributed to the anisotropic and highly directional surface features; (2) the high contact angle
perpendicular to the groove direction is due to pinning of the contact line; (3) the low contact
angle parallel to the groove direction is a result of preferential spreading of the droplet along the

grooves due to roughness enhanced wetting.
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CHAPTER 4
HYDROPHOBIC ANISOTROPIC WETTING

By modifying the silicon surface with HFTS, the surface will become hydrophobic. How
would the hydrophobicity change as the surface morphology change is a very interesting

problem, and we focus on answering this question in this chapter.

4.1 EXPERIMENTAL RESULTS

The experimental results of chapter 4 could be found in Table 4.1 and Table 4.2.

4.2 DATA INTERPRETATION AND DISCUSSION
4.2.1 Static Wetting Study and Comparison
4.2.1.1. Silicon thin film modified Silicon wafer vs. SINR modified Si wafer
Silicon thin film modified silicon wafer after HFTS treatment: fg; = 118.3+ 0.3°, the Si
nanorod modified silicon wafer: Ogng_x = 1415 + 0.3 ° (CCD L VID) and

Osinr—y = 139.6+0.5° (CCD || VID)

water

nanorods

Substrate

Figure 4.1. A sketch of the water droplet resting on hydrophobic silicon nanorods surfaces.
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Table 4.1 Static Contact Angle Measurement on Si thin film modified surface with HFTS treatment

Silicon Wafer CD Substrate
Chemical SiWafer | Sithin film | Si Modified | Si Modified | Bared CD | Bared CD
Treatment as acontrol | Modified o — —— ———
/;;riiﬂf i el ima _——
Without HFTS | 28.5+0.5° 28+1° 25+3° 21+1° 41° 52°
HFTS Treated 114+1° | 118.340.3° | 128.5+0.6° | 124.8+0.5° - -

Table 4.2 Static Contact Angle Measurement on SiNR Modified Surface after HFTS Treatment

After Si thin film modification, QCM reading 2000nm SiNR will be grown onto CD or Si wafer via OAD at 86° vapor incident angle

Substrate Si Wafer CD Substrate
Chemical SiNR modified SiNR modified SiNR modified SiNR Modified SiNR Modified SiNR Modified
Treatment VW [ — M—
S0 4 | ==
Without HFTS 10.8+0.6° 9.74+0.9° 13 + 2° 14+3° 16+2° 6.8+0.5°
HFTS Treated 141.54.3° 139.640.5° _141.740.9° 1422 £0.4° 14541° 140.740.3°
\\_‘v‘ \ \ ‘} 5 \ f \\“ \ \ ‘ E—— E B
bl el | e e =
Angle
774 46 #H° 51 +£2° 71 +7° 34 £3° 45 +2° 23 +1° 25 +2°

Annotation for table 4.1 and 4.2:

1. CCD: The center line of CCD (Data Physics OCA 20) when we measure the static contact angle by the sessile drop method with

a fixed 2 pL water droplet.

2. VID : The Vapor Incident Direction when we fabricated nanorod by the OAD method using a custom-designed electron-beam
evaporation system.
3. TD: The sample tilted direction when we measure the sliding angle with a fixed 10 uL water droplet.
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After the HFTS treatment, the deposited DI water rest on the sample surface in a Cassie’s
state as can be seen in Fig. 4.1, and the water can only wet the tips of the nanorods for the high
aspect ratio hydrophobic surfaces (Fan, et al. 2004). Therefore, the water droplet was in fact
spreading along a composite Si-air surfaces. According to the Cassie’ law, the apparent contact
angle of HFTS treated Si NRs modified Si wafer can be expressed as,

cos Bsing = fsing * €05 Os; + fsing —1, (4.1)
where fs;yr denote the fraction of silicon nanorods underneath the DI water droplet.

Using the contact angles we obtained, we can get fsjyg= 0.431+0.03. This result is well
consistent with the theoretical nanorods coverage fs;yg =0.43 estimated by ImageTool with the

top view SEM image (Fan, et al. 2004).

4.2.1.2. Silicon thin film modified Silicon wafer vs. Silicon thin film modified CD substrate

The contact angle of Si thin film coated silicon wafer: 8g;_cp_; = 128.5+0.6°(CCD ||
Groove) and s;_cp—, = 124.84+0.5°(CCDLGroove).

Similar to Si NR case, after the HFTS treatment, the water rests on the sample surface in a
Cassie’s state, and the apparent contact angle is determined by,

cos Osi_cp = fsi—cp " €0s Os; + fsi—cp —1, (4.2)

where fsi_cp denotes the fraction of silicon surface underneath the DI water droplet,
according to Cassie’s law. Using the contact angles obtained, we can get fs;_cp= 0.7240.02.

Based on the AFM top-view of the CD surface and also its corresponding section analysis,
as can be seen in figure 4.2, we can roughly obtain the morphology parameters of the CD surface:
width of the ridge: Wx =0.83+0.03um, and also the width of groove: W; =0.3440.02 pm.
Thus, theoretically, the fraction of silicon surface underneath the DI water droplet can be written
as:
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fsi—cp = Wr/Wx + W =0.71. (4.3)

Section Analysis

Min

Figure 4.2. An AFM characterization of the polymer-stripped-off CD surface. Top view of
10x 10 um? topographic image and also its corresponding section analysis data. The AFM
pictures analysis is carried out with the Nanoscope Control Software (Quadrex, Digital
Instrument).

We can see that there is a slight difference between the experimental and theoretical results
of the fraction of silicon surface underneath the DI water droplet. There is a possibility of for this
inconsistency. Specifically, from the section analysis part, we can get to know that the ridge of
the CD surface is not smooth, that is to say, actual width of the ridge Wy should be larger than
the value 0.83+0.03um obtained from equation 4.3. Thus, the theoretic fraction of silicon

surface underneath the DI water droplet should be slightly larger than 0.71.

4.2.1.3 Silicon thin film modified Silicon wafer vs. SINR vertical growth on CD substrate

The contact angle of SINR vertical growth on CD substrate after HFTS treatment is
éSiNR—CD—V” = 145 i 10 and gSiNR—CD—Vl = 1407 i 0.30 .

For this particular case, since the surface has both the groove and nanorod structure, the
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water droplet will reside on the groove modified NR surfaces as shown in Fig.4.3. According
to Cassie’s law, the fraction of SINR on the surface can be experimentally obtained . Such a
surface can be treated as CD groove modulated Si nanorod surface. Theoretically, fdinr_cp—v
can be written as:

fsinr-cp-v = fsi—cp " fing: (4.4)
where fSi_cp is the theoretical fraction of silicon surface for CD substrate, and fsiyg iS the

theoretical fraction of silicon surface for silicon nanorods.

water
nanorods BOapp
air

air air

Surface groove —»

Figure 4. 3. A sketch of the cross-sectional view of the water droplet resting on the sample of the
SiNR vertical growth on CD substrate in a Cassie’s state.

From above two sections, we have fsi_cp = 0.71 and fgyg= 0.43. Therefore, the
predicted fginr_cp—v 1S 0.31. And this value is consistent with the experimentally obtained

value.

4.2.1.4 Silicon thin film modified Silicon wafer vs. SINR parallel growth on CD substrate

The static contact angles of SINR parallel growth on CD substrate with HFTS treatment
are éSiNR—CD—P" = 1422 i‘ 0.40 (CCD " GI‘OOVG) and éSiNR_CD_P_L =
141.7 £ 0.9° (CCD_LGroove).

For this surface, the DI water rests on the sample surface in a Cassie’s state, as shown in
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Fig. 4.4. According to Cassie’s law, one can obtain experimentally that fg;nr—cp-p= 0.41+0.02.
This solid fraction is approximately equal to the solid fraction of the silicon nanorods growing on

the silicon wafer, which is 0.43 estimated by ImageTool (Fan, et al. 2004).

water

app air
nanorods

Figure 4.4. A sketch of the cross-sectional view of the water droplet resting on the sample of the
SiNR parallel growth on CD substrate in a Cassie’s state.

4.2.2 Sliding angle

For hydrophobic surfaces, sliding angle characterization is very important. Table 4.3
summarized the sliding angle measurements for all surface we have.

We can see a general trend: the sliding angle of SINR modified CD surface is smaller than
the plane SINR surfaces. The SINRLCD surface has a smaller sliding angle than that SINR||CD.
This also correspond to the contact angle: larger contact angle has smaller sliding angle. Since all
the droplets are in Cassie’s state, the larger the contact angle, the smaller the surface fraction of
silicon get contacted, the less pinning effect for sliding. So the sliding angle become smaller.

Another trend is that the direction of SiNR affects the sliding angle. For the same surface,
the sliding angle along the Si NR tilted direction is smaller than that against NR tilting direction.
This is because of the larger pining effect when water droplet slides against NR tilted direction.

Detailed analysis could be found in appendix C.
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Table 4.3.Sliding Angle Measurement for SINR Modified Samples

Samples Sliding Angle (°)
+ (o]
SiNR modified Si wafer 7TL4
51+ 2°
SiNR modified CD 71 + 7°
Substrate with parallel N
Growth
- _ 34+ 3°
N
45 + 2°
SiNR modified CD 49 + 2°
Substrate with vertical
Growth
— 23+ 1°
=
25+ 2°

*Table annotation: VID : The Vapor Incident Direction when we fabricated nanorod by the OAD
method using a custom-designed electron-beam evaporation system. TD: The sample tilted
direction when we measure the sliding angle with a fixed 10 uL water droplet.
4.3 CONCLUSION

Modified the engineering surfaces with HFTS to make them hydrophobic. Both the contact
angle and sliding angle of those surface were measured and compared. We found that the contact

angle results could be well explained by the classical Cassie’s law, with both the experimentally

determined and theoretically estimated surface fraction agree with each other very well. The



sliding angle of the surfaces depends on the surface fraction as well as the sliding direction with

respect to the nanorods tilted directions.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

In this thesis, we report the wetting properties of engineered nanofilms, composed of an
array of titled Si Nanorods growing onto the compact disk surface by means of oblique angle
deposition. We have shown that the SINR_LCD surface shows a significantly enhanced
anisotropic wetting behavior.

For the hydrophilic films, Si NRs deposited perpendicularly on CD substrates has
demonstrated a significantly enhanced anisotropic wetting behavior. The shape of water droplet
on this surface has an aspect ratio of 4.57, and the contact angle has an anisotropy with 6, =
6.8+0.57and 6,= 1612°. The contact angle on these rough surfaces can be explained by either
classic Cassie’s law or Wenzel’s law.

For the hydrophobic surface treated by HFTS, the contact angle results could be well
explained by the classical Cassie’s law, with both the experimentally determined and
theoretically estimated surface fraction agree with each other very well. The sliding angle of the
surfaces depends on the surface fraction as well as the sliding direction with respect to the
nanorods tilted directions.

In the future, it will be of great interest to enhance wetting anisotropy by further
engineering the surface both theoretically and experimentally. Although the concept of energy
barrier is “of utmost importance in determining hysteresis” (Johnson and Dettre. 1964) and has
found practical applications, existing theoretical studies on energy barriers are very limited. Most

studies provided only qualitative discussion about the effect of energy barriers on contact angle
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phenomena for anisotropic wetting study. A quantitative correlation between surface geometrical
parameters and contact angles and a thorough mechanism responsible for this effect of textures
are lacking.

Experimentally, anisotropic wetting on chemically or physically patterned structures has
been studied using micrometer-scale features due to technical limitations, there has been few
deliberate efforts to demonstrate whether sub-micrometric, or smaller, features would also lead to
the macroscopic distortion of water drops , and how this would occur. This remains a challenge

in this field.
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APPENDIX A

THE CALCULATION OF ARBITRARY ARC LENGTH ALONG A COSINE FUNCTION

In order to get the theoretical roughness factor of the CD surface, we need to calculate
an arbitrary arc length S,,.q along a cosine function, as shown in the Fig. 3.4. To begin with,
for any functional equation y = f(x), the arbitrary arc length calculation is resorted to the

integration as shown in Fig.A-1:

y A
ds
dy y
>
dx X

Figure A-1. A demonstration of the calculation of element of length along an arbitrary arc, where
(ds)? = (dx)? + (dy)? and dy=y'-dx.

Thus we can get the element of length:
ds= 1+ (y')?-dx. (A-1)
Specifically, as regarding our case, y = A cos w x, where A= 89 nm, w = 2“//1 and 1 =

1429 nm, the element of length can be expressed as,

ds= 1+ (¥)2-dx= /(1 + (—Aw sinwx)?) - dx. (A-2)

Consequently, the arc length from a to b in Fig.3.2 can be expressed as,
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Sab = Sap = fo/zl\/(l + (—Aw sin wx)?) - dx. (A-3)

and Sabede = 4 Sap, = 4 fO%\/(l + (—Aw sin wx)?) - dx. (A-4)

This calculation is very hard to be solved out manually due to the complex integral
calculation problem. However, a MATLAB program was written to implement the computation
and the obtained results Sypcqe 1S €qual to 1482 nm.

Following is the code for MATLAB Programming:

clear all;

clc;

Syms X;

A=89;

T = 1429;

w = 2*pi/T,

v=int(sqrt(1+( (A*w)*sin(w*x) )*2),x,0,T/4);
S _ab = double(v);

S abcde = 4*S_ab;
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APPENDIX B
FREE ENERGY AND FREE ENERGY BARRIER DISTRIBUTION ON GROOVED

SURFACE

In order to better understand the physics of this anisotropic wetting and three-phase
contact lines contortion on our engineered samples surface, a thermodynamic model based on the
calculations of the free energy barrier (FEB) as a function of measureable surface morphology
parameters along the surface grooves was developed, as it can be seen in the figure 3.9. It is
believed that this analysis could be used to reveal the thermodynamic mechanism for the
anisotropic wetting behavior and the formation of the watermark.

Before we introduce the proposed thermodynamic model in detail, we would like to
provide insight to the concept of free energy barrier (FEB), which is critical to the interpretation
of our anisotropic wetting. For a system with a liquid drop sitting on a solid surface, the free
energy barrier is considered to be the energy needed for the drop to move from a metastable state
to an adjacent one. More specifically, the free energy barrier refers to the free energy difference
between a local minimum and an adjacent maximum in the direction of three-phase line motion
(i.e. advancing or receding), which is directly related to the free energy change of the system.

All our engineered samples are fabricated based on the CD grooved structure. And this
groove texture dominated all the engineered samples surface morphology. And, what is more, the
periodicity of the groove structure holds consistent through all the samples. The sketches for all

the possible surface morphologies of our engineered samples can be found in Figure B-1.
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Figure B-1. Sketches for cross-sectional view of all the possible surface morphologies of our
engineered samples. (a) SINR on CD substrate with parallel growth. (b) Polymer-stripped-off CD
surface, if we assume the surface morphology is cosinoidal or sinusoidal. (c) SINR on CD
substrate with vertical growth. (d) Polymer-stripped-off CD surface, if we assume the surface
morphology is rectangular. However, no matter what the surface morphology is, all the water
droplets are resting in a hemi-wicking state.

Based on the sketches showing in Fig. B-1., it is reasonable for us to take the groove
texture in a rectangular shape as the typical surface morphology to calculate the free energy
barrier (FEB) as a function of measureable surface morphology parameters. And also, the same
analysis could be easily extended to any other kinds of groove texture.

In principle, based on the minimization of surface free energy of a system formed between
a 3-dimensional surface structure and a water drop, thermodynamically stable and metastable
states could be found, and the corresponding surface geometrical configurations that lead to the
desired stable and metastable states with free energy barrier (FEB) can be calculated. Following
are the basic assumptions of the thermodynamic model for the FEB calculation.

a. The water droplet on the sample surface is in a Wenzel’s state, and the water will

penetrate and fill up the troughs between the grooves.

b. The cross-sectional view of water drop profile is spherical and the drop size is much

larger than the groove size (parameters a, b and h in figure 3.9). This assumption is
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well satisfied, because the droplet file is usually in a millimeter scale, however, the

surface morphology parameter is in a nano/sub-nanometer scale.

_— I
A B[\l |

I LI |
-t I

-- ->

A
\ 4

Figure B-2. A cross-sectional view of the model of the groove texture. For all the samples, when

we deposit a water droplet onto the samples, the liquid will escape from the droplet and penetrate
into the troughs between the grooves, and the water droplet will rest in a hemi-wicking state.

Given the basic sketch in Fig.B-1, we can easily get the roughness factor in Wenzel’s Law
(r=a+ b+ 2h/a + b) and the solid fraction in Cassie’s Law (f = a/a + b). Here we further
assume that the three phase contact line can only rest on the edge of the grooves, such as the
resting point A, B, D, and cannot rest on the point C in Fig.B-2 (Johnson and Dettre, 1964; Li
and Amirfazli, 2005).

These states are metastable because the interfacial tension would tend to move the drop
back to these states, if the external causes(vibration, air currents, evaporation or inverted syringe
imbibition) is not large enough to overcome the free energy barrier (FEB). For each metastable
state A, B, D, it is associated with a free energy and an apparent contact angle: 64, 65, 6p,

respectively.
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First, let us consider the case when the drop recedes from position B to position D, and the
magnitude of free energy per unit length of drop perpendicular to y = 0 plane for each of the two

cases can be written as:

EB: VlaIIIBa + Vlsl]las + an (B'l)
ED: )/lal]l)a + Vsallsja + Eo’ (B'Z)

where E, is part of the free energy of the system that remains unchanged as a result of the
three-phase contact line receding from metastable state B to its adjacent metastable state D. In
the sector, which is consisted of the liquid-air contact line of the droplet, radius R of this
curvature and the medial axis z, we can obtain that [/ =0-R =6-L/sin6 and 1§ = [5% = q,
whre L denotes the drop width, a is the width of the ridge, b and h are the width and the depth of
the grooves, respectively.

For the model indicated in Fig.B-2, geometrically, the drop area is constant in the x-z plane
when the three phase contact line receding from B to D, due to the constant drop volume. And

the geometric equation for a constant cross sectional area can be written as:

2
- LDZ cot HD = 9B (Slfl# - LBZ cot HB ) (B'3)

Lp?
D (sin6p)?

and Lg =Lp +a. (B-4)
Furthermore, the Young’s equation is locally valid respectively when the droplet rest in the

metastable state B and D, thus the Young’ equation can be written as:

Y - cosOg = y§* — v, (B-5)
Y - cosOp = i — v, (B-6)

where yi3= y}* for a same water droplet and 8= 6y, which is the Young’s contact angle, in
our case QB: GD: QSi: 28i1°
The free energy barrier in this receding processing is :
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VER - ED - EB' (B'?)
Submit the equation B-1 and B-2 into the equation B-7, and then combine the equation
B-5 and B-6, we can finally get the free energy barrier (FEB) in the receding processing from

metastable state B to its adjacent metastable state D:

L L
VER = Via (HD L _g,—=E ) + ¥4 - @ cos B;. (B-8)

sin 6p sin O

Take the sample of SINR on CD surface with vertical growth for an example, we can get
the parameters y,,= 72.6 mN/m, Lg=2.62x 1073m, a = 0.423%x 10~°m, b =1.006x 10~°m,
h=1.172x 10~ °m.

For various contact angle value of 8z in the range of possible CA between advancing and
receding, and also corresponding 6 confine by the equation B-3 and B-4, the free energy
barrier (FEB) could be calculated, as it can be seen in the Fig.B-3.

Likewise, we could also calculate the free energy barrier (FEB) needed to be overcome,
when the three-phase contact line advances from metastable state B to its adjacent metastable
state A, as it can be seen in Fig.B-2.

In the processing of three-phase contact line advancing from state B to state A, the

geometric equation for a constant cross sectional area can be written as:

LBZ

2
B sinbp)? Lg® cotfp = HAL — L,? cot @, + 2bh, (B-9)

(sin QA)Z
LA = LB + a. (B'lO)
We can get the free energy barrier (FEB) in the advancing processing from metastable state

Ato its adjacent metastable state A as following:

VEn = Via (0a 5~ 05 5g=) — Via " (b + 2h) - cos b, (B-11)

sin 04 sinOp

71



Then, the free energy barrier (FEB) distribution, when the three-phase contact line
advances from metastable state B to its adjacent metastable state A, can also be seen in Fig.B-3.

From the Fig.B-3, we can see that there are a lot of free energy barriers (FEB) in the
direction of perpendicular to the groove surface. And the anisotropic geometry allows the liquid
drop to preferentially spread along the groove rather than perpendicularly due to the higher
energy required to overcome the energy barriers between metastable states. Perpendicularly to
the surface grooves, no matter the three-phase contact line advances from metastable state B to
its adjacent metastable state A, or recedes from metastable state B to its adjacent metastable state
D, they all need to overcome the free energy barriers between metastable states. That is to say,
during the process of reaching the equilibrium state after contacting the surface, the drop that is
initially present in the air as a sphere has to overcome a series of energy barriers caused by the
groove edge.

From a thermodynamic view, when the water droplet spreads on the sample surface, the
parallel three phase contact line can move easily, because there are few energy barriers in the
groove parallel direction. However, the perpendicular three phase contact line feels the presence
of energy barriers imposed by the periodic surface groove edges, and thus it gets pinned. In the
continuous water spreading processing, when the three phase contact line moves perpendicular to
the grooves, reaches the neighboring groove, and gets pinned again at a position similar to that of
the previous groove. Therefore, the perpendicular contact line advances in a
pinning-depinning-repinning manner (de Gennes, et al. 1985; Youngblood and McCarthy, et al.
1999; Morita, et al. 2005). And the final state of the drop will stay at a metastable state at which

its free surface energy is lower than its neighboring states (Long, et al. 2005).
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The aforementioned thermodynamic analysis provides insight into anisotropic wetting on

our engineered samples surface, especially, the water preferential spreading mechanism and also

the physics beneath the contortion of the three-phase contact lines.
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Figure B-3. Free energy barrier distribution when the water spreads perpendicularly to the
surface grooves for a noncomposite wetting state. Here, the equilibrium contact angle is 24.6°,
which is consistent with our experimental results 6s;_cp_x = 25+3° (CCD ||Groove).

Understandably, the water droplet will easily and preferentially spread along the groove

rather than perpendicularly. And thus, macroscopically, we can observe the watermarks and

droplets are in a shape of such as ellipse, elongated and parallel-sided, or belt-like shape.
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APPENDIX C

SLIDING ANGLE QUALITATIVE ANALYSIS INATHERMODYNAMIC VIEW

Tilting our samples to a critical angle 6, relative to the horizontal imparts a downslope
gravitational force of magnitude F, = mg sin 6 on the droplet, where mg = pgV and p is the
density of the water, g is the gravitational acceleration and V is the droplet volume, in our case,

which is fixed at 10ul.

Figure C-1. Sketch with force analysis of the sliding angle captured by tilting base method. At a
critical angle 6 , the water droplet begins to roll off the substrate surface.

At this critical point with a sliding angle 6, the droplet is on the verge of motion, there is

a net retention force F. opposes and offset the component force mg sin 6g, as we can get:
F. = F; =mg - sinfg = pgV - sin 6. (C-1)
As regarding the retention force, Dussan (Dussan, 1985) and Furmidge (Furmidge, 1962),

showed that the retention force, F,., obeys

F. = wy(cos g —cos 8,). (C-2)
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where w is the width of the water droplet, y is the liquid surface tension, 8z and 6, are the
receding and advancing contact angle, respectively.
Particularly, Dussan (Dussan, 1985) showed that for small contact angle hysteresis one can

write equation C-2 as:

3 1 2/3
96\ /3 (1 + cos 6,)3/* (1 — 5 C0s 6 + 5 cos 9A3)
F. =yVv1/3 (—) (cos g —cos B,)
i (cos @, + 2)3/2(1 — cos 8,)9/4
(C-3)
Submit the equation C-1 into the equation C-2, we can get that:
. v (96"
Sin 95 = W <?) (COS 9R
3 1 2/3
(14 cos 8,)3/* (1 — 5¢0s 0 + 5 cos 9A3)
- 6
cos 6) (cos @ + 2)3/2(1 — cos 8,)9/4
(C-4)

From the equation C-2 and C-4 , we can safely conclude that the sliding angle is
determined by several factors, including the surface tension, density of the liquid, volume of the
testing droplet, contact angle hysteresis, gravitational acceleration. Specifically, the sliding angle
is proportional to the surface tension of the testing liquids, and contact angle hysteresis, inversely
proportional to the liquid density, droplet volume and gravitational acceleration.

Based on the theory of Dussan about sliding angle, in our case, all the aforementioned
factors related to the sliding angle except for the contact angle hysteresis are fixed. Consequently,
before the interpretation of our sliding angle on the Silicon nanorods modified surface, we may
want to do some investigation about the contact angle hysteresis on the titled nanorods surface.

Malvadkar (Malvadkar, et al. 2010) studied the contact angle hysteresis on the titled
nanorods from two direction: one is pin direction and another is release direction. Specifically,

pin direction means the substrate titled direction is same as the vapor incident direction. In this
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case, the surface morphology anisotropy leads to the pin behavior relative to the orientation of
the nanorods. That is to say, the three phase contact line was pinned by the tilted nanorods when
it move forwards. Malvadkar (Malvadkar, et al. 2010) quantitatively showed us that the
advancing and receding contact angle can be expressed as following in this pin direction:
Advancing contact angle in the pin direction:
Op_piy = Amin(m, 0,4 + B) + (1 — V. (C-5)
Receding contact angle in the pin direction:
Or-piN = A(0a0 — B) + (1 — V). (C-6)
And Malvadkar (Malvadkar, et al. 2010) also pointed out that in the release direction,
which is the direction when the substrate titled direction is opposite to the vapor incident
direction, the advancing and receding contact angle could be written as:
Advancing contact angle in the release direction:
Oa_reL = Amin(m, max(0,4,0,5)) + (1 — ). (C-7)
where 6,; = 3n/2 — B — arctan(cot(f)/(1 —s)) and 8., = 0,0 + /2 — B.
Receding contact angle in the release direction:
Or-reL = Ao + B —1/2) + (1 = M. (C-8)
For the equation C-4 to C-8, 8,, and 6,, are the intrinsic advancing and receding
contact angle of a flat surface of the material. § is the nanorods tilted angle, d is the nanorod
diameter, & is the nanorods perpendicular spacing, and s is the solid fraction in the longitudinal
direction as s=d/d + §. In addition, A is the linear fraction of the advancing or receding
contact line on the nanorods, which is approximately equal to ms/(2(1 + (/2 — 1)s)).
Based on the above equations and corresponding analysis, we can see that, as regarding of

the surface of tilted nanorods, we have larger contact angle hysteresis in the pin direction,,
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compared with the contact angle hysteresis in the release direction. Consequently, based on the
relationship between the sliding angle and contact angle hysteresis from equation C-1 and C-3,
we should have larger sliding angle in the pin direction.

This is well consistent with our experimental results. For the sample of silicon nanorods
modified silicon wafer, we have sliding angle 77+4° in the pin direction, and 46+1° in the
release direction. For the sample of silicon nanorod parallel growth on CD substrate, we have
sliding angle 71+7° in the pin direction, and 34+3° in the release direction. Likewise, as
regarding the sample of silicon nanords vertival growth on the CD substrate, we also have the

sliding angle 49+2° in the pin direction and 23+1° in the release direction.
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