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Abstract

A superhydrophobic surface has many advantages in micro/nanomechanical applications, such as low ad-
hesion, low friction and high restitution coefficient, etc. In this paper, we introduce a novel and simple
route to fabricate superhydrophobic surfaces using ZnO nanocrystals. First, tetrapod-like ZnO nanocrystals
were prepared via a one-step, direct chemical vapor deposition (CVD) approach. The nanostructured ZnO
material was characterized by scanning electron microscope (SEM) and X-ray diffraction (XRD) and the
surface functionalized by aminopropyltriethoxysilane (APS) was found to be hydrophobic. Then the su-
perhydrophobic surface was constructed by depositing uniformly ZnO hydrophobic nanoparticles (HNPs)
on the Poly(dimethylsiloxane) (PDMS) film substrate. Water wettability study revealed a contact angle of
155.4 +£ 2° for the superhydrophobic surface while about 110° for pure smooth PDMS films. The hysteresis
was quite low, only 3.1 £ 0.3°. Microscopic observations showed that the surface was covered by micro-
and nano-scale ZnO particles. Compared to other approaches, this method is rather convenient and can
be used to obtain a large area superhydrophobic surface. The high contact angle and low hysteresis could
be attributed to the micro/nano structures of ZnO material; besides, the superhydrophobic property of the
as-constructed ZnO-PDMS surface could be maintained for at least 6 months.
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Notations

R radius of contact area

& average distance between liquid and solid molecules
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& restitution coefficient

6 contact angle

y surface/interface tension

o line tension

Subscripts
L liquid
S solid

s stable

V vapor

List of Abbreviations

APS
CA
CAH
CD
CVD
HNPs
MEMS
NEMS
PDMS
SCCM
SEM
XRD

aminopropyltriethoxysilane
contact angle

contact angle hysteresis
constant diameter

chemical vapor deposition
hydrophobic nanoparticles
microelectromechanical systems
nanoelectromechanical systems
poly(dimethylsiloxane)

standard cubic centimeter per minute
scanning electron microscope

X-ray diffraction

1. Introduction

Numerous micro/nanotribological and micro/nanomechanical applications, such as
in micro/nanoelectromechanical systems (MEMS/NEMS) require surfaces with
low adhesion and friction [1]. As the size of these devices decreases, the surface
forces tend to dominate over the volume forces, and adhesion and ‘stiction’ consti-
tute a challenging problem for proper operation of these devices. This makes the
development of nonadhesive surfaces crucial for many of these applications. With
this background, the so called ‘superhydrophobic’ or ‘ultrahydrophobic’ surfaces
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and their corresponding properties have attracted the attention of many researchers
all over the world. Superhydrophobic surfaces have been applied in MEMS field
especially in electrowetting research. Kakade et al. [2] fabricated superhydropho-
bic multiwalled carbon nanotube bucky paper showing fascinating electrowetting
behavior. The droplet behavior can be reversibly switched between superhydropho-
bic Cassie—Baxter state to hydrophilic Wenzel state by the application of an electric
field, especially below a threshold value. Bahadur and Garimella analyzed the in-
fluence of applied voltage in determining and altering the state of a static droplet
resting on a superhydrophobic surface [3]. In general, surfaces with a static contact
angle (CA) higher than 150° are defined as superhydrophobic surfaces [4-8]. Large
CA or limited contact area reduces the adhesion or friction between liquid droplets
and solid surfaces. Thus the CA is a measure of adhesion between water and solid
surface. However, in some cases, contact angle hysteresis (CAH) is more important
than maximum CA since CAH is directly related to driving force for a liquid drop
[9]. For example, liquid flow requires low solid—liquid friction. That is, in addi-
tion to high contact angle, a superhydrophobic surface should also have very low
water CAH. The condition of CAH < 10° may be a good suggestion for claiming
superhydrophobicity [6, 10].

A third wetting characteristic for a superhydrophobic surface, in addition to a
high CA and low CAH, has been proposed by some researchers [11, 12], i.e., the
ability of the surface to bounce off droplets. It has been shown that this ability is
related to energy barriers associated with the transition between the Cassie [13] and
Wenzel [14] wetting states. From energy consideration, the Cassie—Baxter state is
often metastable. In practice, this means that the drop will remain in a Cassie—
Baxter state only if it is subjected to small external perturbations. However, as
for the definition of a superhydrophobic surface, there is no consensus whether
restitution coefficient & should be considered. Furthermore, ¢ first increases with
increasing velocity, and then stays at a constant value (stable restitution coefficient
&s) almost independent of the velocity. Thus, &5 > 0.8 may be a good suggestion
from the viewpoint of rebound of droplets from a superhydrophobic surface.

However, the static CA of a superhydrophobic surface is higher than 150° gener-
ally, but the impact of hysteresis is still controversial. And the ability of a surface to
bounce off droplets has received relatively less attention. In the current decade,
there has been an explosion of publications describing how surface topography
can be used to control wettability. A large number of ways to produce superhy-
drophobic surfaces have been investigated using many and different materials [15].
Thus, zinc oxide (ZnO), an excellent candidate for the fabrication of electronic
and optoelectronic nanodevices, was also studied. Many efforts have been focused
on the fabrication of ZnO based superhydrophobic films. Badre e al. success-
fully prepared ZnO films with well-controlled morphologies by electrochemical
deposition [16]. In their work, a seed layer of nanocrystallites of ZnO was pre-
pared from which ZnO nanowires were grown. Then, a treatment with alkylsilane
yielded superhydrophobic surfaces. Badre et al. [17] also prepared highly water-
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repellent surfaces from arrays of ZnO nanowires by treatment with stearic acid.
They attributed the superhydrophobic properties to a micro-nano binary structure
combined with a low surface free energy. Berger et al. [18] fabricated ZnO crystals
arrays by employing hydrothermal approach and the hydrophobicity of the films
could be regulated by regulating zinc ion precursor concentration. The CA on these
surfaces increased from 110° to 156° with decreasing concentration of zinc ion pre-
cursor, demonstrating controllable wetting behavior. Liu et al. [19] fabricated ZnO
films by Au-catalyzed chemical vapor deposition (CVD) method. The surface of
as-synthesized film exhibited hierarchical structure with sub-microstructures with
CA about 164.3°, and UV illumination could switch the surface from hydropho-
bic to hydrophilic. Another way to synthesize a ZnO film is direct oxidation of Zn
substrate. Using this method, Hou et al. [20] prepared the ZnO film on zinc layer
successfully, and the surface was hydrophobically functionalized with n-octadecyl
thiol. The modified ZnO film exhibited superhydrophobicity and the water contact
angle was 153 £ 2°.

The methods used above have their own drawbacks. The hydrothermal method
and electrochemical deposition are relatively complex and difficult to apply for
mass production. As for the CVD method [19] mentioned above, a catalyst is
needed for the growth of ZnO film which means the catalyst layer should be de-
posited on the substrate in advance. As for direct oxidation method, a Zn seed layer
is needed to produce a superhydrophobic surface. Thus the area of as-fabricated
surface is limited to the area of seed layer. In this paper, we propose a simple
method to fabricate superhydrophobic surfaces by ZnO nanomaterials. The syn-
thesis of ZnO nanomaterials was carried using CVD method. Also in this study,
we combined CVD method and surface modification process to fabricate ZnO-
based superhydrophobic surfaces, which opens a new potential application for ZnO
nanomaterials synthesized by CVD method. Compared to other ways to construct
ZnO hydrophobic surfaces, our method is convenient and can be used to fabricate
large area surfaces. The contact angle is 155.4 &£ 2°, and the hysteresis of the su-
perhydrophobic surface is quite low (3.1 £ 0.3°), which means that the surface
has self-cleaning property. Besides, the superhydrophobic properties are stable and
durable for at least 6 months.

2. Experimental
2.1. Preparation of ZnO Powder

The nanostructured ZnO material was synthesized via a simple catalyst-free CVD
method [21-23]. The main parameters of CVD method to synthesize ZnO nano-
materials are temperature and gas flow rate. Temperature should be higher than the
melting point of Zn (419.6°C) and thus Zn would be in liquid state. So Zn vapor
could react with O3 to form nanostructured ZnO. However, the temperature cannot
be too high, otherwise the reaction rate would be too fast and regular ZnO nanos-
tructures would not be found. Gas flow rate is another parameter, as a low O partial
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pressure could also limit the react rate. In the experiments mentioned in this paper,
640°C and 20 SCCM O, flow were found to be proper conditions to synthesize
regular ZnO nanotetrapods. The process used was as follows. First, about 2.0 g Zn
powder (99.999%) was evenly dispersed on the bottom of an alumina boat which
was placed in the middle of a quartz tube. The tube was placed horizontally in a
high-temperature tubular furnace. Then, a silicon substrate was placed face-down
on the boat. The materials were heated at a moderate rate of about 30°C min~".
When the desired temperature (640°C) was reached, Ar at a flow rate of about 300
SCCM (SCCM denotes standard cubic centimeter per minute at STP) and O, at
about 20 SCCM were introduced into the system and maintained for 20 min. Fi-
nally, the flows of Ar and O, were shut down. White ZnO material was collected
on the surface of the substrate after the furnace was cooled naturally down to room
temperature.

2.2. Surface Modification of ZnO Powder and Fabrication of Superhydrophobic
Surface

The micro/nano scale ZnO powder synthesized by CVD method usually agglomer-
ated, thus the material needed to be treated to obtain dispersed particles. First, the
as-synthesized ZnO powder was dispersed in ethyl alcohol which was contained in
a beaker. Then the suspension was treated with supersonic waves for about 20 min,
and the upper suspension was collected in another beaker. This process was repeated
four times in order to avoid large particles. To prevent the strong aggregation effect
of ZnO nano-particles, aminopropyltriethoxysilane (APS) was added to the suspen-
sion [22, 23]. The mass ratio of ZnO, alcohol and APS was 1:100:0.1. Then the
suspension was dried in a drying oven and the as-treated ZnO material was ground
into a powder. In this process, the APS was used to weaken the agglomeration ten-
dency as well as to enhance the hydrophobicity of the ZnO particles.

The superhydrophobic surface was fabricated on a poly (dimethylsiloxane)
(PDMS) film. First, the silicone elastomer base and curing agent were mixed uni-
formly and the mass ratio was 10:1. PDMS (SYLGARD) and curing agent were
procured from Dow Corning Corporation, Midland, Michigan, USA. The mixture
of PDMS and curing agent was stirred adequately. The modified ZnO particles were
dispersed on the half-dry PDMS film evenly, and then the film was placed in the
oven again until solidification was completed. The superhydrophobic ZnO-PDMS
surface formed after rinsing the film with deionized water to remove loose ZnO
particles.

2.3. Characterization

The morphologies of ZnO powder samples and the ZnO-PDMS surface were char-
acterized with a scanning electron microscope (SEM) (FESEM FEI SIRION) and
an optical microscope DZ3 (Union, Japan), respectively. The crystalline structure
of the ZnO material obtained was examined by X-ray powder diffraction (XRD) on
an X-ray diffractometer D/MAX-2500 (Rigaku, Japan). Furthermore, X-ray photo-
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electron spectroscopy (XPS) was employed to investigate the surface properties of
ZnO particles. Water contact angle characterization of ZnO samples was carried out
using an OCA 20 (Dataphysics, Germany) contact angle analyzer.

3. Results and Discussion
3.1. Structure and Morphology Characterization

The SEM micrographs of as-synthesized ZnO material are shown in Fig. 1(f) and
1(g). The ZnO material is found to be tetrapod-like, and the legs are 4—10 um long.
The diameter of each leg is about 200—500 nm. The micrograph with larger magni-
fication in Fig. 1(g) shows that the ZnO particles have submicrometer structures.

vty Ox ¥D ———7() um

0KV 3D 2000« SE 64

Figure 1. (a)—(c) ZnO-PDMS surface: (a) static contact angle, (b) advancing angle, and (c) receding
angle. (d)—(e) Surface morphology of ZnO-PDMS surface constructed by coating PDMS film with
ZnO particles. (f)—(g) SEM micrographs of as-synthesized ZnO particles with tetrapod shape.
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Figure 2. X-ray diffraction pattern of ZnO.

The crystal structure of the ZnO tetrapods was examined with XRD as shown in
Fig. 2. The sharp and strong peaks suggested that the products were highly crys-
talline. All these XRD peaks could be indexed as the hexagonal wurtzite ZnO, with
the lattice constants a = 3.253 A and ¢ = 5.209 A. No peaks of zinc or other impu-
rities were found in the pattern, which showed that the tetrapods were rather pure
ZnO wurtzite.

The pictures of the superhydrophobic surface taken by an optical microscope
are shown in Fig. 1(d) and 1(e). It was found that the tetrapod-like structure of
ZnO particles was destroyed during surface modification process, and only a few
particles remained as tetrapods in shape. The distribution and outline of the particles
are random and irregular, and the diameters of particles range from 3.8 to 10.3 um.
Furthermore, the distance between the particles was also about several micrometers,
thus the roughness is considered to be of the same magnitude.

3.2. Floating Test and XPS Examination

In order to study the surface characteristics, non-modified and APS-modified ZnO
particles were analyzed by floating test measurements [20]. The floating test was
used to measure the ratio of the floated product to the overall weight of the sam-
ple after it was mixed in water and stirred vigorously. The ratio above was called
the active ratio. Without the addition of silane, the ZnO particles obtained were
hydrophilic, and the active ratio was 0.0%. When the ZnO particles were treated
with APS, the active ratios of all the samples were above 90.5%. The floating test
demonstrates that the hydrophobic organic (APS) molecules had been bonded to
the surfaces of the obtained modified ZnO particles, as the hydrophobic property
of modified ZnO particles remained even after the particles were washed with hot
water and alcohol. Figure 3(a)—(c) shows XPS spectra for the as-treated ZnO mate-
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Figure 3. XPS spectra for the ZnO material treated with APS: (a) Si scan. (b) N scan. (c) C scan.

rial. The results indicate that APS is coated on the surface of ZnO particles. Hence,
the APS could reduce aggregation and enhance the hydrophobicity of the particles
effectively.

3.3. Wettability Study of the Superhydrophobic Surface

The hydrophobic property of the fabricated surface was investigated by contact an-
gle measurements with a precision of £0.1°, and the smooth PDMS surface was
also studied for comparison. Advancing and receding contact angles were mea-
sured by adding to and withdrawing liquid from the droplet, respectively. CAs were
recorded after they became stable and were checked on several films. The volume of
water droplets used for CA measurements was 3.65 ul, and the diameter was about
0.98 mm. Some typical results on ZnO-PDMS surface are shown in Fig. 1(a)—(c).
It was found that the contact angle was only 114.5° for smooth PDMS surface,
while the contact angle of the superhydrophobic surface was about 155.4 +2°. The
advancing and receding angles of PDMS surface were 119.6° and 102.2°, respec-
tively. The CAH of the superhydrophobic surface is very low (3.1 £ 0.3°), and the
droplet could hardly stay on the surface during the experiment. Compared to smooth
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Figure 3. (Continued).

PDMS surface, the superhydrophobic surface constructed by ZnO nanocrystals has
much larger CA and smaller CAH. For comparison, the wettability of flat Si sub-
strate modified by APS was studied and CA was found to be 11.9°, which showed
that the APS formed a hydrophilic coating. Besides, the superhydrophobicity of
ZnO-PDMS surface could be maintained for at least 6 months without any change.
Furthermore, we have tested several kinds of silanes including methyltriethoxysi-
lane and ethyltriethoxysilane hoping to find the differences or trends between the
three silanes. However, the differences were found on a flat substrate but no sig-
nificant differences were observed on fabricated superhydrophobic surfaces using
the same technique (less than 5°). So only the APS experiments were shown in this

paper.
3.4. Dependence of Contact Angle on Droplet Diameter

The static CAs of the droplets with different sizes were measured experimen-
tally and the size dependence of contact angle was observed in our solid—liquid
system. As shown in Fig. 4, the CA decreases from 155.9° to 134.2° while the
size of droplet decreases due to evaporation. The diameters for the droplet are
1.72 mm, 1.55 mm, 1.42 mm, 1.30 mm, 1.22 mm, 1.09 mm, 0.97 mm, 0.82 mm,
0.66 mm and 0.53 mm, respectively, and the corresponding contact angles are
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Figure 3. (Continued).

155.9°,151.6°, 150.4°, 150.6°, 149.9°, 147.3°, 145.2°, 142.6°, 136.2° and 134.2°.
The contact angle varies with the drop size from a few degrees up to 8.6°. This
phenomenon has been studied by some researchers, and it was found that droplet
follows the evaporation model normally ascribed to hydrophobic surfaces [24]. The
size dependence effect could be explained in terms of the so-called line tension, or
the tension at the three-phase contact line [25, 26]. The line tension o, in analogy
to surface tension, is defined as the specific free energy of the three-phase contact
line or, mechanically, as a force operating at the three-phase line.
Taking line tension into account, the Young’s equation can be modified as:

o

VLVCOSQ:VSV—VSL—E, (D

where R denotes the radius of contact area and 0 denotes the contact angle.

From equation (1), we learn that the contact angle should increase with increas-
ing drop diameter when the line tension ¢ is negative, and decrease when o is
positive. For the calculation of line tension, Marmur gave an approximate expres-
sion [27]:

o ~48,/ysvyLv cotl, 2
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Figure 4. Contact angles of droplets with different diameters: (from right to left) the contact angles are
155.9°, 151.6°, 150.4°, 150.6°, 149.9°, 147.3°, 145.2°, 142.6°, 136.2° and 134.2°, respectively, and
the diameters of droplets are 1.72 mm, 1.55 mm, 1.42 mm, 1.30 mm, 1.22 mm, 1.09 mm, 0.97 mm,
0.82 mm, 0.66 mm and 0.53 mm, respectively.

where § denotes the average distance between liquid and solid molecules. Thus the
line tension is negative for an obtuse CA, while o is positive for an acute CA. As the
CA was 134.2°-155.9°, so the line tension was negative in our experiment. Thus
the CA should be an increasing function of droplet size, which is consistent with
our experimental results.

3.5. Mechanism of Superhydrophobicity

The superhydrophobic properties of the surface are demonstrated by the CAs as
shown in Fig. 1(a)—(c). Especially, the hysteresis is quite low, which means that the
droplet could move on the surface very easily and the surface is self-cleaning. We
attribute the superhydrophobic property to the micro/nano structure of the ZnO par-
ticles in the coating. As shown in Fig. 1(f) and 1(g), the as-synthesized ZnO material
has micro/submicro structure. And Fig. 1(d) and 1(e) shows that the microparticles
are about 1-10 um in length, thus the roughness of the surface is considered to
be of the same magnitude. The micro/nano structures lead to the porous structure
of the coating and there is plenty of trapped air in the ZnO coating when the lig-
uid droplet is placed on the surface. In such situation, the hydrophobic behavior
relies on Cassie’s law. Compared with Wenzel state, a superhydrophobic surface
with Cassie state usually has larger contact angles and lower hysteresis. As for the
superhydrophobic surface discussed here, the CA and CAH are 155.4 4 2° and
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3.1 £0.3°, respectively, which indicates that both adhesion and friction are rela-
tively low. These two properties explain the fact that the droplet could hardly stay
on the surface during the experiments.

Furthermore, APS was used to enhance the hydrophobicity and reduce aggrega-
tion of ZnO particles. APS has a flexible C4 hydrocarbon chain with one amino
group that stretches out in a long zig-zag fashion to form a dense self-assembled
layer of packed chains on ZnO as a result of the strong chelating bonds between
triethoxy headgroups and Zn atoms on the surface. It is assumed that the layer of
packed chains enhanced the hydrophobicity of ZnO particles. However, ASP by it-
self forms a ‘hydrophilic’ coating. As mentioned before, there were many trapped
air bubbles between the liquid droplet and ZnO particles when the droplet was
placed on the surface. Thus, the wettability of ZnO particles has less effect on the
apparent CA compared to the porous structure. In a word, both the porous structure
and the silane coating lead to the superhydrophobicity of the surface: CA of ZnO
surface consisting of micro/nano particles is about 155.4 =2° and the CAH is about
3.1+0.3°.

However, from energy consideration, the Cassie state is usually metastable and
there is energy barrier between Cassie state and Wenzel state. The transition be-
tween these two states could occur when fluctuation was introduced in the system.
Another parameter, i.e., the energy barrier is associated with the ability of droplet
to bounce off the surface [28], has been proposed as the third property of a su-
perhydrophobic surface by some researchers [12]. The impact experiment between
droplet and ZnO-PDMS surface and the influence of CAH on droplet dynamic be-
havior will be discussed separately.

4. Conclusions

A superhydrophobic ZnO-PDMS surface has been fabricated by depositing modi-
fied nanostructured ZnO material on the PDMS surface, which is quite convenient
compared to other methods. In the experiments, silane was used to avoid the aggre-
gation as well as to enhance the hydrophobicity of ZnO particles. The porous struc-
ture of the ZnO layer leads to its superhydrophobicity. Wettability study showed
that the CA and CAH were 155.4 4+2° and 3.1 4-0.3°, respectively. Besides, the su-
perhydrophobicity could be maintained for at least six months without any change.
The dependence of contact angle on droplet size was found on as-fabricated su-
perhydrophobic surface, and showed that the static contact angle increased with
increasing droplet size. The line tension theory gives a good explanation for this
phenomenon. As both ZnO and PDMS have good biocompatibility, the ZnO-
PDMS superhydrophobic surface is an interesting subject for further exploration
and for possible applications in advanced semiconductor biological devices.
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