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Abstract

Superhydrophobic surfaces, originally inspired
by nature, have gained a lot of interest in the past
few decades. Superhydrophobicity is a term at-
tributed to the low adhesion of water droplets on
a surface, leading to water contact angles higher
than 150°. Due to their vast variety of possible
applications, ranging from biotechnology and tex-
tile industry to power network management and
anti-fouling surfaces, many methods have been uti-
lized to develop superhydrophobic surfaces. Among
these methods, plasma technology has proved to
be a very promising approach. Plasma technology
takes advantage of highly reactive plasma species
to modify the functionality of various substrates.
It is one of the most common surface treatment
technologies which is widely being used for sur-
face activation, cleaning, adhesion improvement,
anti-corrosion coatings and biomedical coatings. In
this paper, recent advances in the applications of
plasma technology in the development of superhy-
drophobic surfaces are discussed. At first, a brief
introduction to the concept of superhydrophobicity
and plasma is presented, then plasma-based tech-
niques are divided into three main categories and
studied as to their applications in development of
superhydrophobic surfaces.

Keywords:  Plasma polymerization, etching,
sputtering, superhydrophobic surfaces, thin films,
nano-structured surfaces

1 Introduction

Wettability of a surface depends on its chem-
ical composition and surface micro/nano rough-
ness. These two parameters determine the extent
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of adhesive forces between a liquid droplet and
the surface. Superhydrophobicity is where surface
roughness meets low surface energy, so the adhe-
sion force between water droplet and solid surface
significantly decreases . The concept of super-
hydrophobicity initially emerged from the investi-
gation of natural surfaces with high contact angle
and low contact angle hysteresis, notably the lotus

leaf (Nelumbo) surface (Figure [1]) [24].

Figure 1: The photos of some lotus leaves (a) and
of a water droplet on a lotus leaf (b) and the SEM
images of lotus leaves with different magnifications
(c and d). The inset of (d) is a water contact angle
on a lotus leaf, with a value of 161° & 2° [5].

Lotus is usually considered as a symbol of pu-
rity due to its self-cleaning effect @ The
superhydrophobic characteristics of the micro-
nanostructured and wax-coated surface of the lo-
tus leaf was first studied by Dettre and Johnson
in 1963 . Since then, several other examples of
natural superhydrophobic surfaces have been dis-
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covered. The wax nano-crystals on the leaves of
Colocasia esculenta (taro leaf) are capable of trap-
ping air between a water droplet and the leaf sur-
face [8]. Euphorbia myrsinites, another plant na-
tive to South-eastern Europe and Asia Minor, has
superhydrophobic leaves due to its hierarchically
nano-structured leaf surface. Rice leaf, Chinese wa-
termelon and India canna leaf are also known to be
superhydrophobic |9]. Barthlott et al. studied 350
plant leafs by SEM imaging and showed that the
hierarchical roughness on a leaf surface plays an im-
portant role in the self-cleaning effect [2]. For more
information on natural superhydrophobic surfaces,
see [2,/31/5,/9].

On a self-cleaning surface, water droplets roll-off
easily carrying away any contamination, which is
why superhydrophobic surfaces are usually consid-
ered self-cleaning [3]. During the past few decades,
many studies have tried to mimic the natural struc-
tures to develop artificial superhydrophobic sur-
faces, which can be useful in numerous applica-
tions. These applications range from textile in-
dustry to power network design and maintenance
[10].Several superhydrophobic textiles have been
designed to produce water-repellent self-cleaning
fabrics [11H13|. In biomedical applications, super-
hydrophobic surfaces can be used in vessel replace-
ments or wound management [14]. Since icepho-
bicity (i.e. low adhesion force between ice and
the substrate) shows a correlation with superhy-
drophobicity [15], superhydrophobic coatings can
be used to reduce the ice accumulation on vari-
ous structures, notably power network equipment
[1,14L{16H19]. Construction industry can also bene-
fit from the development of superhydrophobic sur-
faces for manufacturing self-cleaning windshields
and windows [4,[20-22]. In marine industry, super-
hydrophobic coatings can be used to develop anti-
fouling surfaces for vessel bodies [23]. Finally, due
to the minimized liquid/surface contact area, hy-
drophobic and superhydrophobic surfaces are able
to be utilized as anti-corrosion surfaces [9,/24/126].

Many approaches and techniques can be utilized
in order to generate superhydrophobic characteris-
tics on various metallic and polymeric substrates.
However, all these methods have their own advan-
tages and disadvantages. Sol-gel reactions [27-29],
electrochemical deposition [30-32], layer-by-layer
deposition [33-36] and spin coating [37] have been
used to fabricate superhydrophobic surfaces. One

of the most promising approaches to the develop-
ment of superhydrophobic surfaces is plasma re-
lated techniques. Plasma surface treatment is gain-
ing popularity in many applications and therefore,
many studies have been done on the applications
of various plasma-based techniques in generating
superhydrophobic surfaces. In plasma processing,
plasma parameters have a significant effect on the
film properties and characteristics. Hence, to bet-
ter design and fabricate a low surface energy coat-
ing with a micro/nano structured pattern, which
is the defining characteristic of superhydrophobic
surfaces, the effects of plasma parameters on the
chemistry and morphology of the surface should be
fully understood. Each category of plasma process-
ing, which will be discussed shortly, contributes to
the surface roughness and/or surface chemical com-
position. By modifying these properties by plasma
processing, it is possible to design fast, economi-
cal and practical approaches to develop superhy-
drophobic coatings.

In this paper, at first a brief introduction of wet-
ting behaviour, superhydrophobicity, plasma and
plasma surface treatment will be presented. Then
the development of superhydrophobic surfaces by
means of plasma surface treatment methods are di-
vided into three categories and each category is dis-
cussed independently. Finally, a brief conclusion
will be presented.

2 Superhydrophobicity

The physical interaction between liquid
droplets and solid surfaces has been a point of inter-
est for many decades. According to Young, the con-
tact angle of a liquid droplet on an ideally flat, rigid
and homogeneous surface depends only on the sur-
face energy in solid/liquid, solid/air and liquid/air
interfaces (Equation [1) (Figure[2) [38]:

(1)

In this equation, 6. is the liquid contact angle
and + is the surface energy for which the subscript
denotes the relative interface. As mentioned be-
fore, the above equation is only valid for ideally
flat surfaces. It has been proven that by modifying
the surface chemical composition of a flat surface,
and thus reducing the surface energy, the maximum
contact angle achievable is 120° [39]. However, the
wettability behaviour of a surface depends on two



Figure 2: A liquid droplet on an ideal surface.
The contact angles on both sides are equal (Young
model)

factors: (i) surface energy and (ii) surface rough-
ness . To precisely predict the contact angle on
a roughened surface, the effect of roughness on the
solid/liquid interface should be taken into account.
Many studies have tried to formulate a relation-
ship between surface chemical energy, roughness
and contact angle. However, two main models exist
which are generally accepted throughout different
studies: (a) Wenzel model and (b) Cassie-Baxter
model. The Wenzel model predicts that the water
penetrates the holes on the surface and therefore
the contact area between water and solid surface
increases with roughness. The surface condition
for which the penetration occurs is called the Wen-
zel regime (Figure |3p). Wenzel predicts that the
contact angle on a rough surface can be calculated
through the Wenzel equation (Equation [2]) [41]:

2)

In the above equation, 6. is the equilibrium con-
tact angle, Oy is the Wenzel contact angle and rg
is the surface roughness. It is clear that according
to Wenzel, roughness will cause the contact angle
to increase only if the contact angle is higher than
90°. In other words, roughness in Wenzel regime in-
creases the hydrophobicity in an already hydropho-
bic surface and increases the hydrophilicity in an
already hydrophilic surface @

However in many cases, due to an increased
height-to-area aspect ratio in the roughness, lig-
uid phase cannot penetrate the roughness cavities.
In this state, air is trapped between the liquid and
the solid and therefore a mixed-phase interface is
formed . The second model deals with the lat-
ter state and is called the Cassie-Baxter model. A
mixed phase interface will increase the contact an-
gle, regardless of the surface energy ﬂgﬂ The Cassie-

cosBy = rscosb,

Baxter model predicts the relationship between the
surface roughness and contact angle through the
Cassie-Baxter equation (Equation [3) [44]:

cosbop = fscosb. — (1 — fs) (3)

In the above equation, 6. is the equilibrium con-
tact angle, f¢cp is the Cassie-Baxter contact angle
and fs is the fraction of the solid in contact with
the liquid (Figure [3p).

Several studies were performed in order to iden-
tify the transition point between Wenzel and
Cassie-Baxter regimes regarding the roughness di-
mensions. Theoretically, it has been shown that the
dominant regime is always the one with the smaller
contact angle . In other words, contact angle
can be completely translated to Gibbs free energy.
Patankar et al. showed that for some roughness
geometries, an energy barrier has to be overcame
for the transition to occur . They further ar-
gued that the decrease in the gravitational poten-
tial energy, resulted from the gradual penetration
of water into the surface gaps, can help to overcome
this barrier. Xia et al. showed that the spacing be-
tween the roughness features (b) can determine the
dominant wetting regime . They used plasma
etching with a photoresistive mask to fabricate 12
samples with different spacings, ranging from 5 to
60 pm.

Figure 3: (a) Wenzel regime, liquid penetration in
the roughness cavities is visible, (b) Cassie-Baxter
regime, air is trapped between the liquid and the
surface, forming a composite interface and thus re-
ducing the adhesion forces and (c) Mixed regime,
where the partial penetration of water occurs.

On the other hand, it has been showed that
the dominant wetting regime is also depended on
the size of the droplet used in contact angle mea-
surement . Brown et al. studied the
droplet behaviour upon impact on fluorinated su-
perhydrophobic surafces with different roughness
scales from nano to micro structure . They ar-
gued that for a droplet in microlitre size, the lig-



uid/substrate contact area is extremely larger than
the surface features, and therefore the droplet im-
pact behaviour is less affected by surface charac-
teristics. When the size of the droplet decreases to
the range of picolitres, contact area is only one or-
der of magnitude larger than surface asperities, and
therefore picolitre droplets exhibit completely dif-
ferent behavior on nano-roughness than on micro-
roughness structures.

Finally, it should be noted that the Cassie-Baxter
regime is a quasi-stable state and tends to gradu-
ally transform into Wenzel regime. However, the
mechanism responsible for the penetration of lig-
uid into the surface texture and therefore transi-
tion between two regimes is not yet fully under-
stood [481}49].

Complete Wenzel or Cassie-Baxter regime is rare
in occurrence, and usually a mixed state is observed
where water partially penetrates the holes in the
roughness (Figure [B) [50].

As mentioned before, the above equations can
generally be utilized in various applications. How-
ever, some studies have cast doubts on the gener-
ality of Wenzel and Cassie-Baxter equations. It is
proven that these models are only true when the
drop size is infinitely bigger than the roughness
sizes. Very small drops will become axisymmet-
ric, even if the surface shows no sign of symmetry
whatsoever [51]. Marmur et al. added an extra cri-
terion for transition to the Cassie-Baxter regime in
relation to Gibbs free energy. They indicated that
even if the Cassie-Baxter equation is satisfied with-
out this extra criterion, Wenzel regime will be dom-
inant [22]. Brandon et al. also demonstrated that
two dimensional models, like Wenzel and Cassie-
Baxter, are not truly accurate. They proposed a
simulation-based method, which is claimed to be
more accurate than the current models [52]. How-
ever, most studies on hydrophobic surfaces assume
that these models are accurate enough to estimate
the surface wettability behaviour.

Besides static contact angle considerations, con-
tact angle hysteresis (CAH) is another important
criterion in studying the surface behaviour of var-
ious materials. Contact angle hysteresis is defined
with regards to dynamic contact angles, i.e. contact
angles related to moving liquid fronts (interfaces).
For instance, when a droplet is moving on a sur-
face, the contact angle in the movement direction
is called the advancing contact angle and the con-

tact angle on the other side of the droplet is called
the receding contact angle.

It is notable that some studies suggest that the
concept of static contact angle should be reconsid-
ered [53H57]. It is argued that every so-called static
contact angle is in fact an advancing contact an-
gle, and it should be treated as such. Others have
claimed that although measurement of static con-
tact angle is not easy, but by giving the droplet
enough time to reach the state of global minimum
energy, in some cases it is possible to observe the
‘equilibrium’ droplet [58]. Either way, most studies
reviewed in this paper refer to the contact angle
measured for a drop at rest on a surface as static,
stationary or equilibrium contact angle.

Contact angle hysteresis is defined as the differ-
ence between two dynamic contact angles [43]. It
is known that the droplets in Cassie-Baxter regime
tend to have smaller contact angle hysteresis com-
pared to droplets in Wenzel regime [43].

Contact angle hysteresis is an important factor
in roll-off behaviour. Lower contact angle hystere-
sis usually means lower adhesion force between the
droplet and the surface and easier sliding of the
droplet on the surface [1]. Easy sliding of a liquid
droplet on the surface has been proven to be an
essential factor in many applications, notably self-
cleaning surfaces and anti-icing applications [3]. In
the roll-off phenomena, droplets will roll off the
surface easily, absorbing dirt and external parti-
cles [59]. It has been even suggested that in order to
accurately demonstrate the wettability behaviour,
measuring the dynamic contact angles is essential.
It has been argued that contact angle hysteresis is
a significant tool to fully realize the surface topog-
raphy and that instead of maximum contact angle
achievable, CAH should be taken into account [60].

Generally, superhydrophobic surfaces are defined
as any surface for which the water contact angle
(WCA) is more than 150° [39,/61-63]. However,
some studies add the criteria of low sliding angle or
contact angle hysteresis to the definition [10}/14].

As mentioned before, two factors contribute to
the superhydrophobicity of a surface: (i) surface
roughness and (ii) surface chemical composition.
Thus there are two approaches to generate the sur-
face structures leading to superhydrophobic sur-
faces: (i) roughening an already low surface energy
material or (ii) roughening a surface and then treat-
ing it with low surface energy coatings [14]. Poten-



tially, plasma processing is an ideal technique for
both approaches. It can be relatively fast, econom-
ical and easily controlled, which makes it a suit-
able choice for industrial processes. One notable
advantage is the fact that it can be used to change
the surface chemistry while increasing the rough-
ness, which makes it possible to fabricate superhy-
drophobic surfaces in a one-step processes. There-
fore, it can be indicated that superhydrophobic sur-
faces can be developed by carefully controlling the
plasma process and studying the effects of plasma
parameters on surface characteristics. During the
past few decades, many studies have been done in-
volving both approaches which use plasma process-
ing techniques for inducing roughness on a surface
and/or deposition of low surface energy coatings.

3 Plasma Technology and

Plasma Treatment

Generally, plasma is an ionized gas which can
be considered as the fourth state of matter. It con-
stitutes more than 99% of the universe. Macro-
scopically, plasma is electrically neutral. However
it contains free charge carriers and is electrically
conductive. To generate plasma, enough energy
must be applied to a gas. This energy is usually
provided by an electric source, which can be direct
current (DC), radio frequency (RF), low frequency
(LF) or microwave frequency (MW) [64./65].

Plasma technology is an emerging field with as-
tonishing potential applications. Thousands of re-
search papers are published every year on plasma
technology, revealing the vast possibilities offered
by this relatively new field. In medicine, plasma
treatment can be used for wound management,
tumour treatment, tissue engineering, equipment
sterilization and surgery equipment [66,(67]. By
means of functionalization (i.e. grafting of the
new functional groups on the treated surface, see
, plasma technology also is being utilized to im-
prove polymer surface properties by applying reac-
tive gases plasmas (like Oz, No, NH3 and H>0)
to the polymer surface [68]. It is also being used
in electronics industry in a wide range of applica-
tions, from adhesion promotion and cleaning to fab-
rication of semiconductors [69]. Plasma reactions
can also be used for plastic and nuclear waste dis-
posal 70] and nitriding or carburizing of steels [71].

Plasma can exist at various gas pressures. The

gas pressure defines the LTEs (local thermody-
namic equilibriums at the plasma) [65], and there-
fore can significantly affect the nature of the
plasma. Low pressure plasma technology is widely
industrialized and it is used in many applications,
such as neon lamps and plasma screen TVs [64].
Other applications include deposition of metal-
lic coatings with minimum impurity and metal
matrix composite coatings [72]. However, low-
pressure plasma imposes several technical diffi-
culties, mainly related to the vacuum equipment
[64]. To address these issues, another category of
plasma has been introduced, which operates at at-
mospheric pressure. Atmospheric pressure plasma
can be used for several applications, like surface
modification, without the adversities induced by
low pressures. Atmospheric pressure plasma re-
actors requires less energy and offers shorter pro-
cess times compared to low-pressure plasma [64].
However, atmospheric pressure plasmas are usually
harder to control because an unknown amount of
air mixed with carrier and reactive gases. Further-
more, complex interactions can affect the efficiency
of the treatment and hence the quality of the de-
posited layer [73].

As mentioned before, for the development of su-
perhydrophobic surfaces, induction of the two char-
acteristics, low-surface energy chemistry and mor-
phological roughness, is essential. Plasma technol-
ogy for enhancement of superhydrophobic charac-
teristics is of great interest, because plasma pro-
cessing can be used in generation of both char-
acteristics. This technology can be used to de-
posit coatings (by means of plasma polymerization
or plasma sputtering), increase the roughness (by
means of plasma etching) and increase the amount
of hydrophobic functions on the surface (by means
of functionalization). In this paper, plasma sur-
face modification is divided into three categories:
(1) plasma etching, (2) plasma polymerization and
(3) plasma sputtering. Plasma etching is mainly
used to generate roughness on the surface, though
it may change surface chemistry to some extent. On
the other hand, plasma polymerization and plasma
sputtering are generally used to develop thin films
from low surface energy materials, but they may
also increase surface roughness.



4 Plasma Etching

As mentioned before, roughness is an essen-
tial characteristic of superhydrophobic surfaces.
Plasma etching is the process of selective removal
of materials from a surface by reactive plasma rad-
icals. Certain plasma particles react with cer-
tain atoms [74] or certain phases [61] on the sur-
face and reaction products are ejected off the sur-
face as gaseous compounds. For example, oxygen
plasma is mainly used in etching of organic mate-
rials, where oxygen reacts with carbon and hydro-
gen and produces gaseous carbon dioxide, carbon
monoxide and water [74].

Generally, in etching processes, a photo-resistant
mask can be used to protect parts of the surface
from exposure to the etching medium [74]. In con-
ventional or wet etching methods, various chemi-
cal reactions are utilized to selectively remove the
materials exposed to the solvent. However, wet
etching has many disadvantages compared to the
plasma etching approaches. Unlike plasma etch-
ing, wet etching techniques can be problematic for
small film thickness, and they can also pose some
environmental threats [65,[74]. Plasma etching on
the other hand, is a dry and precise technique with-
out the serious limitations of conventional etching
methods [74].

Plasma etching is based on selective erosion,
rather than homogeneous erosion which leads to
significantly lower roughness. Usually one phase
or compound reacts more readily with plasma gas
and therefore, etching rate is different at various
locations on the surface [74]. It has been suggested
that other nano structures can be used as an equiv-
alent to the photo-resist mask in order to further
enhance the roughness. For example, polystyrene
(PS) beads have been deposited by different chem-
ical techniques on glass substrates |75.[76]. Oxygen
erodes one phase more readily, in this case the glass
layer on the bottom, therefore an increase in rough-
ness can be observed compared to the case without
the PS layer.

A wide variety of gases can be used in plasma
etching technique. However, some gases, like Os,
Ar and CF; have proven to be more suitable in
development of micro-nano structured roughness
on various substrates. In development of super-
hydrophobic surfaces, C'Fy is of specific interest,
since it has been shown that plasma etching with

CF, can simultaneously fluoridate and roughen the
surface. |77H79).

Generally, etching is used to induce nano/micro
sized roughness on various substrates to generate
superhydrophobicity. However, there are two ap-
proaches available for different materials. Etching
can be used as pretreatment before coating the sur-
face with low surface energy material [21}/611/62,80]
or it can be used to generate roughness on a low
surface energy material [59,81].

4.1 Etching as a Pretreatment Pro-
cess

The most common application of plasma etch-
ing in development of superhydrophobic surfaces
is to generate a micro/nano scale roughness on
the surface. As mentioned before, this rough-
ness along with a chemical modification can en-
hance the surface’s hydrophobic characteristics. In
other words, two subsequent stages are performed
(etching and coating) to induce two general char-
acteristics of a superhydrophobic surface (rough-
ness and low surface energy, respectively). Several
studies utilized plasma etching to induce rough-
ness on a substrate prior to subsequent coating
with low surface energy materials, e.g. fluorocar-
bons and organosilicons. It can be expected that
plasma etching as a pretreatment can result in sig-
nificantly higher contact angles. The most common
gas used in plasma pretreatment of organic mate-
rials is oxygen. Substrates such as polycarbonate,
poly(ethylene tetraphalate), cellulose paper, poly-
polyurethane and poly(propylene) have been used
with oxygen plasma pretreatment. Other studies
have investigated the effects of fluorocarbonic gases
(e.g. CFy and SFg) in plasma pretreatment on a
different class of substrates, such as polished sil-
icon and glass, but the deposition of fluorocarbon
groups along with etching cannot be overlooked and
therefore the process is a mixture of etching and
functionalization. This phenomena will be further
discussed in section 2l In order to better con-
trol the process, the effect of plasma parameters on
the morphology, chemical composition and wetting
behaviour of the surface must be fully understood.
Many studies have investigated such correlations,
about which a review is presented in this section.

Effect of Plasma Power and Treatment Time
It has been shown that increasing the plasma power
and treatment time in plasma etching can improve



the hydrophobic behaviour up to a point, but a
critical power and a critical treatment time
exists beyond which superhydropho-
bicity diminishes. This threshold denotes the point
where roughness units (the units consisting the
roughened structure, which are named variously,
such as nano fibrils, nano columns, etc.) become
unstable and tend to collapse and/or agglomerate
to form larger units. Larger roughness units may
decrease the overall roughness (Figure E[), hence
decrease the superhydrophobic characteristics. On
the other hand, based on drop impact experiments,
it has been suggested that larger units can also in-
crease the mechanical stability of the coatings [83)].
However, performing more mechanical tests seems
to be necessary in order to reach a final conclusion.

Figure 4: SEM images of the PET surfaces treated
with oxygen plasma at various powers: (a) un-
treated, (b) 50 W, (c) 100 W and (d) 200 W. Treat-
ment time is 10 minutes for all samples .

Effect of Gas Pressure Gas pressure also has
a significant effect on oxygen plasma etching. It
has been argued that by increasing the pressure,
the collisions between plasma particles increases, so
that less particles with enough energy will be able
to reach the surface, resulting in reduced roughness
2.
4.2 Etching as a Treatment Process
Etching can be used as an stand-alone treat-
ment to develop roughness on low-surface-energy
materials and therefore to generate superhydropho-
bic coatings. Several studies have investigated

the effect of plasma etching on the generation of
micro/nano structured roughness on various hy-
drophobic materials, specifically PTFE [77,[85187].
In the case of PTFE, oxygen has proven to be sig-
nificantly useful to enhance the hydrophobicity of
PTFE substrates. It has been shown that oxy-
gen uptake on the PTFE surfafce is almost non-
existent even after 3 hours of plasma treatment,
and thus the amount of polar oxide hydrophilic
groups deposited by oxygen plasma etching is neg-
ligible .

Many parameters can affect the roughness and
morphology on the surface. In this section, a review
of such studies is presented.

Effect of Plasma Gas Plasma gas used in a
plasma etching process can significantly affect the
wetting behaviour . One of the most efficient
gases is oxygen. Other common plasma gases, like
argon or nitrogen, have proved to be ineffective at
best in etching of PTFE [8587]. In case of nitrogen
gas, the deposition of nitrogen groups on the sur-
face will even increase the surface energy . How-
ever, adding oxygen to the mixture was shown to
increase roughness, and thus increase hydrophobic-
ity (Figure . The amount of oxygen grafting
also appears to be minimal in the case of oxygen
plasma etching , so that no undesired oxygen
grafting is observed.
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Figure 5: The effect of Oy flux in Ar/O5 mixture on
contact angle of PTFE. Increasing the Oy flux will
enhance the hydrophobic behaviour of PTFE [85].

Effect of Plasma Power Plasma power is an-
other parameter to be considered. Low plasma
powers results in the sole activation of the sur-
face, and therefore have proved to be ineffective



in plasma etching . Increasing the power usu-
ally leads to higher amounts of erosion, which
will subsequently increase the roughness (Figure
[6) [81)/36,[38,/89]. However some results are in-
consistent as concerns coating chemical composi-
tion. Some studies suggest that coating chemical
composition only depends on the composition of
the etching gas, and that both treatment time and
plasma power are irrelevant as to the coating com-
position [81].
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Figure 6: Advancing (6,) and receding (6,.) WCA
values of the PS samples treated with a C'Fy/O5 fed
discharge with 17% Og as a function of treatment
time at (a) 150W and (b) 300W [81].

Functionalization Besides the plasma etching
technique on low surface energy materials, some
plasma gases, mainly C'F, can be used for simul-
taneous etching and fluorination of the surface.
In this case, fluorinated groups deposited on the
surface can further decrease the surface energy.
Chemically modifying the surface by some func-
tions with a specific application is called function-

alization . Technically, it is different from
polymerization in the fact that it involves cova-
lently binding plasma species to the surface, rather
than coating a surface . CFy is considered an
etching gas and it does not readily polymerize on
the surface . However, samples etched
with C'Fy exhibit a significant amount of fluorocar-
bonic groups along with high roughness [77,[89//93)].
It was also shown that fluorinated samples can be
cross-linked by UV exoposure or annealing .
Cross-linked samples exhibit improved mechanical
durability without any significant change in surface
morphology. In the case of UV exposure, it was
shown that by using a photolithographic mask, the
exposed areas will be of lower height and therefore
form a micro-pattern which in turn can further in-
crease the water contact angle .

Due to the simultaneous roughening and func-
tionalizing effect of C'Fy, it has proved to be more
efficient in developing superhydrophobic surfaces
than SFg, Ar, Ny and O [77H79]. Tts advantage is
not always due to the higher extent of roughness,
but rather to the resulting lower surface energies.
In fact, it has been shown that O, will generate
slightly higher roughness on the PTFE samples in
the same time (Figure @, but lower contact angles
will be achieved due to the lack of fluorine function-
alization . Many studies have also investigated
the effect of adding C'Fy to oxygen or other com-
mon plasma gases . For example, it has
been shown that for polystyrene samples, 17% of
oxygen will result in the highest extent of fluorina-
tion and texturing . Although this paper, like
several other studies, consider C'F, as an etching
agent, it should be noted that it can cause more
effects than just erosion.

5 Plasma Polymerization

Plasma treatment can be utilized to deposit
thin films on various substrates. The process,
which is usually called plasma polymerization, is
referred to the deposition of polymer films through
dissociation and excitation of a monomer gas in
plasma and subsequent deposition and polymeriza-
tion of the excited species on the surface of a sub-
strate . In comparison to conventional surface
treatment methods, plasma polymerization can be
a very advantageous approach. Indeed, it is capable
of forming ultra-thin films with suitable mechani-

cal properties , it requires lower tempera-



T T
: : ® Ar
cel : : O CF
— C :
g - 4 N,
@ f
=} | : > blank
'§> 300 - o AT
2 | o & ;
o
| A . A
E 200 - ol o
8 [ ; )
€ e 4 ;
3 L.A ishs
@ 100)\,/ ° ® ® L
0 ‘ 1 | i 1
0 1 2 3 4 5
Exposure time [h]

Figure 7: Effect of etching gas on contact angle.
Note that etching time for oxygen is 1.5 hours and
for other gases is 4 hours [77]. The highest contact
angle is achieved for C'Fy after 2 hours of exposure,
which can be explained by simultaneous etching
and fluorination of PTFE substrate. The rough-
ness measurement is performed by atomic force mi-
Croscopy.

tures [65], can be used for monomers that do not
polymerize under normal conditions [97,/98] and is
environmentally friendly [12}[95].

As mentioned before in Section 3] plasma poly-
merization can be divided into two general cate-
gories: (1) low pressure (pressures less than at-
mospheric pressure) and (2) atmospheric pressure.
Low pressure plasma polymerization tends to gen-
erate more homogeneous films with less impuri-
ties. It is also considered to be a green process
due to significantly less amount of process gases in-
volved [99]. On the other hand, atmospheric pres-
sure plasma polymerization can be advantageous
due to its lower energy consumption, shorter pro-
cessing times, lack of need for vacuum equipment
and considerably higher growth rates [100-102].

Pulsed plasmas or modulated glow discharges are
used frequently in plasma polymerization applica-
tions. In a modulated glow discharge, plasma is
turned on for a small fraction of the total cycle
tiotar. In the t,r¢ period, enough time is given
for the polymerization process. The ratio between
ton/tiotal 1s called duty cycle, and is often abbrevi-
ated as DC. It has been shown that a pulsed plasma
can lead to unique morphologies or enhance the su-

perhydrophobic behaviour [62}(103][104]. For ex-
ample, in plasma polymerization of 1H,1H,2H,2H-
perfluorooctyl acrylate (PFAC), deposited layers in
pulsed and continuous deposition are very simi-
lar in chemical composition. However, morphol-
ogy is significantly different, leading to much higher
WCA and much lower CAH values in the case of
pulsed plasma polymerization (Table . More-
over, in pulsed plasma polymerization, duty cycle
should be considered as an extra control parameter
which can significantly affect the surface character-
istics [624[104].

Several materials can be used in plasma polymer-
ization, such as oxides, nitrides, and oxynitrides of
silicon, crystalline materials such as polycrystalline
silicon, epitaxial silicon, and refractory metals and
their silicides. These materials play a crucial role
in development of microelectronics [105]. However,
in superhydrophobic applications, it is essential to
consider materials with low surface energy. For im-
provement of hydrophobic behaviour, some specific
materials are suitable due to their low surface en-
ergy, such as fluorocarbons and organosilicons [14].
But it should be noted that not all the materi-
als in the mentioned categories can be utilized in
plasma polymerization. Several studies have been
carried out on the development of superhydropho-
bic fluorocarbonic surfaces which are discussed in
Section[5.1] Organosilicon-based superhydrophobic
surfaces are also discussed in Section Further-
more, a few studies have investigated the develop-
ment of plasma polymerized superhydrophobic sur-
faces with other precursors, such as TiCly, CHy or
acetylene. These studies are reviewed in Section

b3l
5.1 Fluorocarbonic Monomers
Fluorocarbon polymers are well known for

their low surface energy attributed to CFy and C'F3
groups. Hare et al. showed that the surface energy
of hydro/fluoro carbon groups decreases in the fol-
lowing manner [106]:

—CHy; > —CHs > —CFy, > —CF3

It has also been shown that increased fluorine
content in a plasma polymerized coating leads to
higher contact angles [107]. Thus, fluorocarbons
are among the most common choices for develop-
ment of superhydrophobic surfaces [108].

Generally a fluorocarbon-based coating consists
of CF, groups. For depositing CF, groups on a



Table 1: Comparison between pulsed plasma polymerization and continuous plasma polymerization
1H,1H,2H,2H-perfluorooctyl acrylate as precursor. Significant improvement in contact angle and contact
angle hysteresis is observed [103].

deposition mode off time  advancing receding
Pulsed (5 X 1 min) 2 min  168° £0.8° 165° £1.2°
Continuous (1 x 5 min) - 145° £1.2°  47° £1.5°

surface, Co Fy or CyFy gases are usually used as the fect on the film composition too. This correlation
plasma gas. C'F} is another fluorocarbon gas which is mainly due to the lower monomer fragmentation
is usually used along with Oy for etching purposes, at higher pressures [112].
However it can lead to simultaneous functionaliza-
tion with CF, groups which in turn can enhance Effect of Deposition Time Treatment time is
superhydrophobicity (see section . another effective parameter which has to be con-
PTFE (polytetrafluoroethylene) is a fluropoly- sidered. It has been suggested that treatment time
mer which is also known commercially as Teflon™. will only increase the film thickness. Thus after a
It has been widely used as a hydrophobic and low point where complete coverage occurs, treatment
friction surface. However, due to its solid state in time should not have any effect on wetting be-
room temperature, PTFE is not generally consid- haviour [113]. However, another study shows that
ered as an appropriate choice for plasma polymer- film composition is also dependent on the treat-
ization. Therefore, PTFE coatings are often gen- ment time. It was shown that for longer treatment
erated by sputtering or other suitable techniques. times, the amount of fluorocarbon groups increases
However, some efforts have been made by 2applica- ©1 the surface [114].
tion of high evaporation temperatures [109] or us- 5.2  Organosilicon Monomers
ing tetrafluoroethylene (TFE) as a precursor [62]
to achieve plasma polymerized coatings close to
PTFE. In fact, thin films achieved by these meth-
ods usually show a great resemblance to PTFE as
to chemical composition.

Besides the significantly low surface energy in
fluropolymers, some disadvantages, mainly of en-
vironmental nature, can limit the potential appli-
cations of such precursors [115}/116]. Due to these
issues, other precursors have been considered for
superhydrophobic applications. Although the sur-
face energy of C'Hs and C'Hs groups, to which the
hydrophobicity of organosilicons is attributed, is
not as low as that of fluorine-based groups [117],
organosilicon based polymers are considered as
an environmentally friendly alternative to fluorine-
based polymers for hydrophobicity applications
[118]. Organosilicon monomers can be a gener-
ally suitable choice for further studies due to their
usual liquid state, volatility, safe handling, avail-
ability and low cost [119]. As a polymerized coat-
ing, they also show good optical and mechanical
properties [97]. Some studies have even reported
an increase in roughness after polymerization with
organosilicons (Figure [8) [84]. Various precursors
can be used as monomer in plasma polymerization
of silicon-based coatings [14}40,(100L|102}/118-122].
However, the most promising results have emerged
Effect of Monomer Partial Pressure from an organosilicon called Hexamethyldisiloxane
Monomer pressure can have a significant ef- (O[Si(CHj3)sla, abbreviated as HMDSO).

Effect of Plasma Power As mentioned before,
plasma polymerization is based on disintegration of
plasma species and polymerization on the surface.
It is clear that in higher plasma powers, the extent
of energy applied on the plasma gas is increased,
and therefore higher amounts of molecular frag-
mentation can be expected. Therefore, in studies
reviewed in this paper, the amount of C'F}, species
decreases as the power increases [80,110,111]. How-
ever, since plasma power can also affect the surface
roughness to some extent, this does not necessarily
mean that by increasing the power, hydrophobicity
diminishes. In fact, some studies report an increase
in contact angle due to increasing roughness with
increasing the plasma power, although the amount
of hydrophobic organic groups on the surface de-
creases |110].
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Figure 8: AFM images of PET samples (a) before
plasma polymerization (after oxygen plasma etch-
ing) and (b) after the deposition of TMS [84].

Effect of Oxygen Presence The chemical com-
position of plasma polymerized organosilicon based
thin films is greatly affected by the percentage
of oxygen in the feed gas. Several studies have
shown that to preserve the amount of hydropho-
bic organic groups (i.e. Si — C bonds) on the sur-
face, oxygen percentage should be as low as possi-
ble [21,123}{124]. The presence of oxygen in the feed
gas results in abundance of polar and hydrophilic
S0, groups on the surface, which can render the
surface more hydrophilic. Furthermore, oxygen in
the plasma can react with the deposited carbon
and decrease the amount of organic groups [123].
In other words, organosilicon based monomers and
specifically HMDSO are suitable choices for the de-
position of superhydrophobic coatings only if the
percentage of oxygen in the plasma is carefully con-
trolled.

Effect of Monomer Ratio to Overall
Feed Gas The amount of organosilicon-based
monomer is of great importance in plasma polymer-
ization. It has been suggested that up to a critical
amount, a higher percentage of monomer in the
feed gas will lead to higher contact angles [125].
This can be due to an increase of organic groups
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in the plasma with increasing monomer percent-
age [126]. In this case however, plasma power plays
an important role. It was argued that a critical
monomer percentage exists, below which the in-
fluence of concentration is dominant on the sur-
face morphology and chemical composition [126]. If
the concentration is increased above this amount,
plasma power will become the controlling parame-
ter.

Effect of Plasma Power The effect of plasma
power in the plasma polymerization of organosil-
icons is rather similar to that of fluorocarbons.
Higher plasma power will increase the degree of
fragmentation in the plasma gas and therefore less
organic groups will be deposited on the surface
[1261[127).

Effect of Deposition Time Treatment time can
have a significant influence on the chemical compo-
sition of plasma polymerized film. It was shown
that the amount of Si — (C'Hs)s on the surface in-
creases with longer treatment times, thus the sur-
face energy is reduced and superhydrophobic be-
haviour is enhanced [11§].

5.3 Other Precursors

Although studies on plasma polymerization for
superhydrophobic surfaces are mainly focused on
the fluorocarbons or organosilicons, some works
have considered the use of other precursors to gen-
erate water repellent surfaces. These precursors
can be used with more conventional precursors as
improving agents, or they can be used as the sole
precursor.

HMDSO is an ideal precursor for superhydropho-
bicity applications for several reasons.  How-
ever, compared to more conventional fluorocarbons,
higher surface energy of HMDSO results in weaker
wetting properties. Several studies have been done
to address such issues. Toluene was investigated as
an improving agent for organosilicon based coat-
ings [122,[128]. Different Toluene/HMDSO ratios
have been studied and in one study, the optimized
percentage of Toluene in HMDSO was determined
to be 25% [128].

Hydrocarbon groups, and specially methyl
groups, are responsible for the superhydrophobic
behaviour of some coatings. Hence, one might
expect that hydrocarbon gases themselves can be
used in plasma polymerization processes to de-
velop hydrophobic and superhydrophobic surfaces.



Indeed, several hydrocarbon gases, like methane
[129H131], acetylene and propane [133],
have been used to develop hydrophobic thin films.
Some studies have investigated the addition of flu-
orocarbons [130,[133], and as it can be expected
fluorine-based groups deposited on the surface can
enhance the hydrophobic behaviour even further.

The effect of plasma parameters on the prop-
erties of polymerized films is similar to the case
of organosilicons and fluorocarbons [132], Except
in the case of hydrocarbons, saturation is easily
reached, which means that increasing the pressure
improves the superhydrophobic characteristics up
to a point . Beyond that threshold, no signifi-
cant change can be observed as to hydrophobicity.

At this stage, and exceptional point should be
made for the case of T90,. The development of
superhydrophobic TiOs surfaces with atmospheric
pressure plasma jet has been reported . A
mixture of oxygen, TiCly and argon as carrier gas
was used to generate a unique structure of titanium
dioxide on the surface (Figure [9).

A

Figure 9: SEM image of T9Os nano-crystals de-
veloped by atmospheric pressure plasma jet. SEM
images are shown in various magnifications [134]

Generally metallic oxides are considered to be
of high surface energy and thus hydrophilic. Sev-
eral studies have reported the generation of su-
perhydrophobic surfaces based on titanium diox-
ide [29}[135H137]. This phenomena is usually at-
tributed to the physical structure of titanium diox-
ide, which can be altered by changing the manufac-

turing process and/or UV light exposure [136/137].
Similar studies have been done on ZnO based su-
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perhydrophobic surfaces and it was shown that the
high degree of roughness generated by the deposi-
tion of metallic nano-structures on the surface can
lead to a superhydrophobic surface, regardless of

the surface chemistry [138H140].
6 Sputtering

Sputtering is another method for plasma sur-
face treatment. In plasma sputtering, the coating
material (target) and substrate are placed as cath-
ode and anode in a plasma reactor, respectively.
A feed gas (e.g. argon) is injected between the
electrodes and a voltage in the range of 100 V to
several kV is applied . Positively charged ions
from the plasma strike negatively charged parti-
cles with high energy, thus disintegrating atoms or
molecules from the cathode surface. Ejected atoms
then settle on the surface of the substrate, forming
a thin film from the target material [71]. Compared
to conventional coating techniques, sputtering is a
simple, environmentally friendly and time saving
process which results in more adhesive films .
It is also not limited by the melting point of the
coating materials and is capable of forming
multicomponent thin films (e.g. alloys) on various
substrate .

Few studies have been done on the development
of one-step methods for fabricating superhydropho-
bic surfaces. However, it should be noted that
some studies have investigated the effect of pre-
roughening of samples in plasma sputtering pro-
cess. For example, bohemitage or anodization of
aluminium samples results in micro-nano roughness
on the surface . Just like polymerization,
pre-roughening of the samples have been proven to
be an efficient approach in the development of su-
perhydrophobic surfaces.

6.1 Sputtering of PTFE and other

fluorocarbon-based materials

Polytetrafluoroethylene (PTFE) is one of the
most common materials in sputtering technology.
Many studies have been done on the deposition of
PTFE on various substrates by plasma sputtering.
In the case of PTFE, plasma sputtering is of signif-
icant interest because tetrafluoroethylene does not
exhibit some essential properties required in other
deposition methods. It does not dissolve readily
in any solvent and its vaporization temperature
is more than 400°C . Therefore sputtering is
one of the few methods available for the develop-



ment of PTFE thin films. Furthermore, it has been
proved that compared to plasma functionalization
by C'Fy and Hs, sputtering of PTFE will cause an
increased deposition of some hydrophobic groups,
like CF3 and CF (Figure [142]. Tt should be
noted that this study [142] refers to the deposition
of C'Fy groups by means of CF,/H, glow discharge
as ’polymerization’, but the film thickness is re-
ported to be about 5 nm, which indicates that the
process occurring is rather functionalization than
plasma polymerization.
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Figure 10: A comparison of the two as-deposited
XPS results for functionalization and sputtering of
PTFE-like thin films. The XPS spectra are nor-
malized to the C'F, peak. The higher CF5 content
of the plasma polymerized film indicates the pres-
ence of long linear chains, similar to that of pure
PTFE. Sputtering tends to deposit a more chemi-
cally heterogeneous film [142].

Effect of Sputtering Gas Several studies have
investigated the effect of different sputtering gases
on surface composition and morphology. Argon
is the most common gas used in plasma sputter-
ing [143H146]. Other inert gases like neon and he-
lium can be utilized to minimize the deposition of
undesired groups on the surface [143}/145]. It was
shown that in the case of inert gases, the content
of fluorine increases as the atomic mass of the in-
ert gas increases [145]. Using nitrogen was shown
to lead to the deposition of nitrogen-based groups,
like C — N — F and C — N [144]. Interestingly, us-
ing hydrogen in plasma sputtering does not result
in any deposition whatsoever [145].
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Effect of Pressure It has been discussed that
increasing the pressure of plasma gas will lead to
higher roughness and an increased deposition of
—CF, groups [146H148]. The significant effect of
pressure on sample roughness can be used to design
unique processes to improve the superhydrophobic
behaviour of various surfaces. For example, using
two different pressures subsequently, two different
levels of roughness were achieved [28], resulting in a
hierarchical structure which is a well-known reason
for superhydrophobicity in many natural examples
(see Section . However, increasing pressure can
decrease the mean energy of ions, and subsequently
reduce the growth rate [148].

Effect of Target-Substrate Distance It was
shown that the influence of target-substrate dis-
tance on superhydrophobic behaviour is dependent
on gas pressure. At higher pressures, increasing
the target-substrate distance can increase the sur-
face roughness, while at lower pressures, target-
substrate distance does not have a significant effect
on wetting characteristics [146).

6.2 Other Sputtering Targets

Although conventionally PTFE was used in
many sputtering studies, few studies have been
done on other materials as sputtering target [42}
149.

In this case, the basics of plasma sputtering are
generally similar to the processes mentioned before.
However some details may be changed according
to specific cases. For example, in case of copper,
plasma power was shown to alter the film purity
and roughness size (Figure . Therefore it was
suggested that higher plasma powers should be uti-
lized to decrease the extent of CuaO and obtain a
purer copper coating, as well as to achieve a suit-
able roughness scale [149).

Finally, a point should be made on one spe-
cific study with a two-step method to generate
hybrid superhydrophobic surfaces. A structure of
cadmium/cadmium oxide was generated by plasma
sputtering of cadmium and subsequent thermal ox-
idation [42]. Significantly high roughness observed
in these samples (R;,s = 50 nm) is thought to be
responsible for their highly superhydrophobic be-
haviour.



cent rapid progresses in both plasma technology
and surface engineering offer a promising future for
this new and advancing field of science.
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