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Abstract: Nano-texturing of polymers offers the possibility to drive important surface properties
such as wettability and anti-reflectivity. Interestingly, plasma can lead to the desired characteristic of
nanofeatures through a one step process based onto dry plasma etching. In this work, the literature
concerning such plasma nano-texturing will be reviewed for different polymers, and in particular,
for applications based upon wettability control. Then the mechanism of such processes will be
commented upon, with a glance to the different characteristics of the polymers. Finally, some hints
onto a feasible approach to plasma nano-texturing of the different polymers will be given.
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1. Introduction: Why?

The first question this review wishes to answer is “why could we need plasma nano-texturing?”,
and this is mostly related to biomimetics. In biomimetics, technological problems are solved by looking
at similar issues in nature (plants or animals), and understanding the biological mechanisms applied
by the living organism to overcome such problems. Then the material scientist, inspired by such
nature observation, has to shape matter, producing a device with a feasible chemical, physical and
morphological structure [1]. Often, living organisms adapt to environment stimuli, playing with
texturing in the nanoscale and microscale domain, coupled to a suitable chemical composition [2].
In Table 1, some typical examples of a biological surface with unique characteristics related to wettability
properties are reported.

Table 1. Examples of nano-/micro-textured biological surfaces.

Example Biological Surface Property Ref.

Superhydrophobic,

Butterfly wing coloration

[3]
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Table 1. Cont.

Example Biological Surface

Property Ref.

Superhydrophobic, [4]

20f19

Moth eye Antireflection
Drag
Shark skin reduction/non [5]
fouling
Lotus leaf Water repellent [6]
Rice leaf Water repellent [7]
Desert beetle Water capillarity [8]
Sticky
Rose petal “superhydrophobic” 1
Gecko feet Superhydrophobic [10]

High adhesion
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Table 1. Cont.

Example Biological Surface Property Ref.

. Superhydrophobic
Water strider Drag reduction [11]
Salvinia leaf Water repellent [12]

Embedded pictures adapted with permission from: [3] Copyright 2006 American Chemical Society; [4] Copyright
2015 Springer Nature; [5] Copyright 2014 Elsevier B.V; [6] Copyright 2015 American Chemical Society; [7] Copyright
2009 Elsevier B.V; [8] Copyright 2014 EDP Sciences, SIF, Springer-Verlag Berlin Heidelberg; [9] Copyright 2008
American Chemical Society; [10] Copyright 2004 Elsevier Ltd.; [11] Copyright 2004, Springer Nature; [12] Copyright
2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

It is well known that nano- and micro-roughness drastically influence the wetting behavior of
surfaces. Besides some discussion relative to the appropriateness of the Wenzel and Cassie-Baxter
description of the effect of roughness [13-16], it is commonly believed that: (i) Smooth surfaces
cannot exhibit a Water Contact Angle (WCA) higher than 120° (like in the case of Teflon®
(Polytetrafluoroethylene (PTFE)) and silicone); (ii) a surface can be considered water repellent for a
WCA higher than 150° and a small contact angle hysteresis (typically lower than 10°); (iii) This regime,
leading to self cleaning and low water adhesive surfaces, can be obtained only through suitable surface
texturing [1]; (iv) last but not least, on a textured surface a critical value of the equilibrium contact angle
exists, below which water completely impregnates through the protrusions [17]. Innature, such textured
surfaces are often present for a better exploitation of water surface energy-related properties.

The texture of some plant leaves, such as those of lotus, rice and Salvinia have been studied for
water repellency and self-cleaning due to the presence of nano- and micro-protuberances, coated with
a hydrophobic wax [6,7,12]. Such hydrophobic surface texture is present in some animals for drag
reduction. This is the case of shark skin, consisting of micron scales and nano-scale riblet structures [18],
or the ability of the water strider to run on water in ponds, thanks to super-hydrophobic-oriented
microsetae (microscopic hairs), covered with grooved nanostructures that exist upon the insect legs [11].
On the other hand, the nano-texturing coupled to the superhydrophobic character can be “sticky”,
like in rose petals, and in some cases can lead to super-adhesive behavior, as for the Gecko legs [9,10].
The desert beetle, having a nano-textured surface on the body with alternating super-hydrophobic and
super-hydrophilic spots, can optimize the condensation of water vapor and collection at the mouth
level, and it can overcome the dryness of the environment [8]. Finally, mostly in the animal kingdom,
it should be mentioned that insects make an efficient use of texturing to control, not only wettability,
but also optical properties, such as light reflection [4] and structural coloration [3].

Hence, mimicking nature, in producing chemically-defined nano- and micro-texturing,
can improve the design of smart materials and devices, that can find application in fog collection or
resistance, anti-icing, efficient energy conversion, and biological sensors.

This can be achieved by nanofabrication methods. These methods are commonly classified into
additive (bottom-up) and subtractive (top-down) manufacturing processes. These processes can
sometimes be used in combination to better optimize the final material surface [19,20].
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Depending upon the material and the desired feature size, bottom up or top-down methods are
used: Typically the former can be less expensive and complex, being that the latter is mostly based
upon multi-step photolithography [21].

Bottom-up processes include: Molecular self-assembly [22], vapor deposition (atomic layer,
Plasma-enhanced, physical/chemical) [23], the sol-gel method [24], electrospinning [25] and DNA
scaffolding [26]. Top-down processes include: E-beam lithography [27], Soft lithography [28],
Nanoimprint lithography [29], Block copolymer lithography [30], phase separation [31] and plasma
nano-texturing, which itself is the object of this review.

Non-equilibrium plasmas, attracting interest at the early stage of their evolution for producing
ultraviolet—visible spectroscopy (UV-Vis) light, found the most outstanding technological application
at the beginning of the 1970s for their application in microelectronics. Miniaturized integrated circuits
invaded technological commodities, thanks to the introduction of plasma treatment, etching and
deposition of material on silicon wafers.

When, in a suitable vacuum reactor, a proper electric field is applied to a gas/vapor mixture at low
pressure (typically below 10 Torr) a non-equilibrium cold plasma can be ignited. The electric
field accelerates naturally-occurring ions and electrons in the feed, triggering an avalanche of
ionization, excitation and bonds breaking reactions, with the formation of active species such as
atoms, radicals and molecules in ground and excited levels, Vis-UV photons, as well as new ions and
free electrons [32]. Typically, radiofrequency (RF) and microwave (MW) alternating electric fields are
used for triggering plasma.

The key of plasma technology is the possibility of tuning the relative abundance of these species
in a cold environment (commonly below 60 °C) to drive, basically, three kind of process: Dry etching,
plasma deposition and plasma treatment [33].

Dry etching. Dry etching consists in the ablation of substrates by the formation of volatile
compounds upon the reaction with active species in the plasma. This is usually carried out with
a halogen-containing gas when the substrate is silicon-based (e.g., crystalline Si wafer, or silicone
polymers), or with oxygen for carbon-based materials such as polymers. This process has found the
magnificent and leading application in designing micro-/nano-features, with a high aspect ratio and
tens of nanometers lateral resolution, in the production of the integrated circuit.

Deep plasma etching processes have been optimized for advanced micromachining procedures
through drilling holes tens of microns deep into silicon. Finally, etching is the base of the plasma
nano-texturing process object of this review, as it will be described later on [33].

Plasma deposition. Commonly known as Plasma-Enhanced Chemical Vapor Deposition (PECVD),
and as an alternative, though less appropriate, “Plasma Polymerization”. It allows for the
deposition of coatings of tunable chemical composition, cross-linking and properties. A peculiarity of
PECVD processes is the possibility to have deposition from compounds unsuitable for conventional
polymerization, such as saturated hydrocarbons, fluorocarbons and organosilicons.

PECVD films generally have a thickness in the range 10 nm-1 pm, and are usually smooth and
conformal to the substrate (even on three dimensional (3D) samples). The building blocks of such
coatings are radicals, in a neutral or ionic state, generated by the plasma fragmentation in the gas
feed. Since the species that originate from the fragmentation of the gas/vapor precursor are various
and with a broad chemical distribution, the coating stoichiometry can be varied in continuo with the
experimental parameters. For this reason, and because of the energy input of the ions impinging
on the growing film, the chemistry of PECVD coatings is very different from that of conventional
polymers. Numerous are the surface properties that can be achieved by means of plasma deposition:
hardness, wettability (even extreme ones), corrosion protection, gas/vapor diffusion barrier, lubricity,
wear resistance, resistance to bacterial colonization, and many others. The most common PECVD
coatings are:
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o  Teflon®-like (hydrophobic and super-hydrophobic surfaces) [34];

e  Silica-like (gas/vapor barrier layers in food packaging; anti-corrosion coatings, anti-scratch coatings
on plastic optics; dielectric layers in microelectronics) [35];

e  Diamond-like (anti-wear hard coatings for tools) [36];

e Functionalized organic coatings (carboxylic or amino-groups rich films mostly for biomedical
application) [37].

A very versatile technique involves combining PECVD with physical vapor deposition techniques
(based on evaporation or target sputtering) to achieve nanocomposite coatings in one step [38].

Plasma Treatments. In plasma treatments, there is neither a massive addition of material to the
substrate (deposition), nor an important removal of layers from it. The sample surface is exposed to
reactive (O,, H,O, Np, Hy, NH3, etc.) or inert (commonly Ar) feeds. In this case, the modification
concerns the topmost surface of the sample. The chemical interaction of the plasma species with the
surface (more or less assisted by ions and photons) leads to the grafting of chemical groups (such as
carboxylic, amino, hydroxyl moieties), oxidation or reduction, and crosslinking. Some scholars used to
include “plasma surface cleaning” from organic contamination in this kind of process, plasma treatment.
However, since it consists in the ablation of such surface pollution, it should be more correctly included
in “plasma etching”.

This kind of treatment finds application for enhancing printability, dyeability, adhesion and to
bind biomolecules [39,40]. On the other hand, grafting fluorine atoms can be useful for increasing
hydrophobicity, as will be shown later on.

We can define plasma nano-texturing as the mask-less process through which a texture in the
submicrometric scale is formed on the surface of a material by a single plasma etching step [41].
Commonly, plasma nano-texturing is carried out without the aid of a mask or any photolithography
tool, though in some cases it can be combined to the latter to obtain multiscale or hierarchical structures,
nano-features onto microscale ones [42].

Typically in nano-texturing a polymer substrate is placed onto the bottom electrode of a plasma
reactor in a Reactive Ion Etching (RIE) configuration (other coupling configurations can be found in
literature) [33], or on a sample holder suitably biased to accelerate ions towards it. Then a gas with
etchant characteristics for that polymer is added.

As depicted in Figure 1, for the combination of the presence of etching species, the activation
of impinging ions and, as will better described later, for the controlled contamination of the surface,
valleys are dug in the sample, with depth and width increasing with the process time and input
power [43,44]. As a consequence, nano-pillars or nano-cones appear randomly distributed on the
surface (complement to the formed valleys) in a few minutes.

The strength of this process with respect to the others lies in the:

e  Compeatibility with the continuous roll to roll processing of polymer web;

e Speed; vacuum time could be an issue, but this is less relevant when a roll-to-roll process
is optimized;

e No need for solvents; rather, it is a dry, eco-friendly method.

However, some issues of this approach, that can be overcome with suitable strategies, must be
reported: (i) Being based on plasma etching, the process is highly dependent upon the substrate,
hence it should be optimized for the specific polymer; e.g., silicone needs fluorocarbon (FC) gases,
whereas for hydrocarbon polymers, oxygen plasma is best suited; (ii) The final nano-textured surface is
contaminated by inorganic species; in fact, as mentioned before, and it will better described in Section 3,
the key factor of this process is the controlled contamination of the surface; (iii) For a given polymer,
the geometric dimensions of the engraved features are not independent: For example, each change
in the experimental parameters leading to a taller structure will also lead to increasing the lateral
dimension and spacing of the same. Solutions to the former two issues will be indicated in Section 3.



Coatings 2019, 9, 640 6 of 19

However, for the latter, a trade-off should be found looking for the parameters (typically process time
and power input) leading to the best nano-features aspect ratio for the specific surface property we
want to address on the chosen polymer.

oxygen —
5 min
- tilted
- . } W (15 min
¥ ilted
20 min
. tilted
Polymer
substrate
Vacuum
pump

Figure 1. A sketch illustrating a typical plasma nano-texturing process of a polymer. Scanning Electron
Microscopy (SEM) tilted pictures of polycarbonate adapted with permission from [43]. Copyright 2011
John Wiley and Sons.

2. Plasma Nano-Texturing of Polymers: What?

Having detailed the reasons for the interest in plasma nano-texturing, we could discuss onto
“what polymers could be treated and in which experimental conditions”. Plasma nano-texturing has
been studied for a wide range of polymers, from hydrocarbons (polyethylene and polypropylene) to
fluorocarbons (mostly polytetrafluoroethylene) and silicone ones. Table 2 summarizes some of the
studies reported in literature, which are mostly grouped by polymer categories.

One of the pioneer studies onto which the direct nano-texturing of polymers is concerned,
was, in 1989, the oxygen plasma treatment of polytetrafluoroethylene (PTFE) to alter its wettability
behavior [45]. Morra et al. observed that in a parallel plate, a capacitive coupled plasma (CCP) reactor,
a rough surface appeared on PTFE which became more evident with increasing time. Much more, the
introduction of a submicrometric scale texture made the polymer surface extremely hydrophobic with
an advancing Water Contact Angle (WCA) close to 170° and a low hysteresis.

J.P. Youngblood et al. obtained a similar nano-texturing of a polymer, in this case Polypropylene
(PP), using as source of etchant species a PTFE solid target, and feeding the plasma with a noble
gas [46]. As a result of the ion sputtering of PTFE, the plasma resulted in becoming enriched in fluorine
atoms that successfully etched PP, leading to the formation of nano-wrinkles for a process time higher
than 30 min. In particular, they could get, in a one-step process, a water repellent surface with an
advancing and receding WCA of 170° and 169°, respectively.

With a different approach, though in one step as well, Di Mundo et al. prepared super-hydrophobic
nano-textured polystyrene (PS) pieces, optimizing the CF4/O; gas flow rate ratio [47,48]. This gas
mixture lead to the formation of submicrometric pillars (Figure 2) in a few minutes, but at a 17%
content of oxygen in the feed, this allowed for the formation of a water repellent surface.
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Table 2. Examples of the plasma nano-texturing of different polymers, with indication of the gas feed

and reactor configuration used. ICP stands for “inductive coupled plasma”.

Substrate Feed Reactor Application Reference
Super-hydrophobic and
PC O, cCP super-hydrophilic surfaces, [43,44]
anti-fogging, antireflective materials
o Water repelimt materials [49-52
PTFE
O, CCP Fundamental study [45]
Ar/O, CCp Fundamental study [53]
Carta O, CCP Water proof paper [54]
PS CF,4/O, ccrp Microfluidic [47,48]
PB CFy CCpP Fundamental study [55]
PP O, ccrp Fundamental study [56]
Ar ICP/PTFE Fundamental study [46]
target
PPy(DBS) O, ICp optoelectronics [57]
PET (fabric) O, CcCr clothing [58]
SU-8 O, helicon Biosensing, microfluidic [42]
CFy RFE Biosensing, microfluidic [59]
PDMS SiFg helicon Biosensing, microfluidic [60-62]
PMMA O, helicon Biosensing, microfluidic [63-67]
PET (flat) O, cCcp Fundamental study [68-70]
PE O, MW Fundamental study [71]
O, ccrp Fundamental study [72]
PMMA, PEEK O, helicon Biosensing, microfluidic [73,74]
PS, NR-7, SU-8, PMMA  Ar/O,/CF4 helicon Biosensing, microfluidic [75]
NR-7, SU-8, PMMA O, CCP Fundamental study [76]
Parylene, SU-8, PDMS 0,/CFE, ccrp Lab-on-chip [77]
PMMA, PDMS O,/SFg helicon Biosensing, microfluidic [78]

top

tilted

150 W/ 5 mi

n 250 W/ 5 min

Figure 2. SEM images of the polystyrene (PS) samples treated with a CF4/(17%)O,-fed discharge
as a function of the power input. Adapted with permission from [47]. Copyright 2008 American

Chemical Society.
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These samples maintained their transparency to visible light, though longer treatment time lead to
opaque surfaces because of the formation of larger micrometric features responsible for light scattering.
In [48], they also proved the importance of coupling the right texturing size with a suitable chemical
composition. Upon texturing, the surface chemistry was tuned in a wide range, depositing film by
PECVD of an ethylene/c-C4Fg mixture with variable composition. Best performance in terms of a
super-hydrophobic character was obtained with the most fluorinated coating, even if for texturing
with taller nanofeatures, the chemical composition effect was less important.

Gogolides et al. deeply investigated the effect of the plasma nano-texturing of polymethyl-methacrylate
(PMMA) [63-67]. The study was carried out with a radiofrequency-powered helicon reactor, with an
auxiliary bias onto the sample holder. Depending on the final application, they kept the nano-textured
surface uncoated, or they coated with an FC film (with a C4Fg PECVD). In this way, they could pass from
super-hydrophilic surfaces, where proteins were effectively bonded for biosensing, to super-hydrophobic,
textured surfaces, working as on-off valves when embedded in microfluidic devices, as illustrated in Figure 3.
Since an issue for the microfluidic device, but also in other applications, can be the mechanical properties
of the engraved nano-features, they also investigated the tribological properties of these surfaces [67].
Short plasma treatment time only slightly influenced mechanical and tribological properties of PMMA,
whilst long process time had a detrimental effect. On the other hand, the deposition of the FC coating
protected the nanopillars, reducing plastic deformation.

¥4
(3

. Nano’t’\tured p/,,

sﬂpérﬁvﬁﬁphv@c

Figure 3. Passive super-hydrophobic microvalve: The hydrophobic zone is placed in the middle of
the microchannel (SEM image in the inset). (a) Stopped fluid flow (red dye) at the nano-textured
hydrophobic zone, (b) filled microchannel upon valve opening. Reprinted with permission from [65].
Copyright 2014 Springer-Verlag Berlin Heidelberg.

Palumbo et al. optimized the plasma nano-texturing of polycarbonate (PC) [43,44]. As illustrated
in Figure 1, as a consequence of O, plasma, pillars are formed on the PC surface, with their height
increasing with time and power input. Pillars had a lateral dimension in the range 20-80 nm, and a
maximum height of about 1 um. Soon after the treatment, the PC became very hydrophilic because of the
introduction of new polar groups and the presence of nano-texturing. However, such behavior was not
permanent; in 21 days the WCA of the modified polymer increased, losing the hydrophilic character for
the typical hydrophobic recovery phenomenon. Notwithstanding this issue, the plasma deposition of a
Teflon®-like or silicone-like coating contributed to produce water repellent surfaces. More interestingly,
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changing the chemistry of the organosilicon-based film deposited onto the nano-textured samples
allowed for modulating the water condensation ability, and in particular, to obtain durable hydrophilic
anti-fog surfaces as illustrated in Figure 4.

165°/163° 150°/120°  120°/72° 105°/50°  10°/0° 0°/0° 0°/0° 0°/0°

mm

Figure 4. Images of water condensed onto PC samples nano-textured with plasma etching and
Plasma-Enhanced Chemical Vapor Deposition (PECVD), coated with different organosilicon-based
films. Higher magnification images of the dropwise condensing (fogged) surfaces are shown below.
Values of the advancing/receding Water Contact Angle (WCA) are reported at the top. Reproduced
with permission from [44]. Copyright 2014 American Chemical Society.

Polydimetylsiloxane (PDMS) is an inexpensive elastomer often used for the production of protein
microarrays in biosensing. Tserepi et al. modified PDMS-coated silicon and glass samples with a helicon
plasma reactor under the application of a bias voltage onto the substrate [60-62]. Differently from the
previous cases, being oxygen plasma inactive in ablating silicone-based polymers, the chosen feed was
SF¢. As shown in Figure 5, also in this, polymer pillars were engraved, with both height and lateral
size linearly increasing with treatment time. The plasma nano-texturing largely affected the surface
properties of PDMS with respect to protein immobilization. In particular, the protein microarrays
produced onto these samples had a significantly higher spot signal intensity (3-fold) and intra-spot
homogeneity (2-fold) with respect to commercially-available slides [62].

¢
=6 height of nanocolumns - 1000 ’é‘
2 g_ 7 diameter of nanocolumns =
== »
w 5 4800 £
i c
£ 5
= 44 3
3 {e00 8
2 3- <
e -
s 2- {400 &
z 2
t=2] =
K L {200 §
0 ; : : ; : =

0 2 4 6 8 10 12 14 16
SFg plasma treatment time (min)

Figure 5. SF¢ plasma nano-textured PDMS. Left, (a) Top-down and (b) cross-section SEM images
of a nano-textured polydimetylsiloxane (PDMS) surface obtained after a six min treatment under
highly anisotropic conditions; Adapted with permission from [62]. Copyright 2010 Elsevier B.V. Right,
evolution of the average height and diameter of nano-columns with process time; adapted with
permission from [60]. Rights managed by AIP Publishing.

Plasma nano-texturing has been also optimized on less conventional polymers such as: Paper [54],
dodecyl benzenesulfonate-doped polypyrrole (PPy(DBS)) [57], Polyethylenterephtalate (PET) fabric [58]
and SU-8 photoresist [42].
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Standard copy-grade paper and hand sheet control paper were both plasma etched in an oxygen
plasma, and then coated with a 100 nm FC coating by PECVD [54]. As it can be observed in Figure 61,
such process can introduce nano-texturing in cellulose-based materials. Moreover, the paper wettability
changed drastically: In particular, following this double step process, the paper resulted in being
“roll-off” super-hydrophobic, while depositing the FC coating directly onto untreated cellulose, and
due to the native micro-roughness of the material, the surface became “sticky” super-hydrophobic [79].

900 nm | (@)=

Figure 6. (I) SEM images of (a,b) untreated, (c,d) oxygen-etched, and (e,f) oxygen-etched and FC-coated
hand sheet fiber. Adapted with permission from [54]. Copyright 2008, American Chemical Society.
(IT) SEM images of oxygen plasma-etched dodecyl benzenesulfonate-doped polypyrrole (PPy(DBS))
surfaces without preheating (a), pre-heat treated at 100 °C (b) and pre-heat treated at 200 °C (c).
The scale bars in the main images and the insets are 1 um and 500 nm, respectively. Adapted with
permission from [57]. Copyright 2017 American Chemical Society.

Jiang et al. studied the plasma nano-texturing of a polymer typically used in display, solar cells
and similar optoelectronics application, PPy(DBS) [57]. They coated a silicon substrate with a Cr/Au
layer, and then a PPy(DBS) layer, which was as thick as 4.7 ym, was electrodeposited on the top.
Then the surface was nano-textured in an ICP reactor fed with oxygen. As it can be seen in Figure 6(II),
the nano-texturing was successful with the formation of fibrils about 30 nm wide and with their length
in the range 50 nm-1 pum (for a process time between 10 and 60 min). Furthermore, they evaluated the
effect of heating the sample before the nano-texturing process, and no major changes were found onto
the nanofibrils formation.

A super-hydrophobic PET fabric was modified by the addition of a nanotexture to the native
micro-roughness of the fibers and combination with a low surface energy layer [58]. The deposition of a
silicone-like coating on the innate micro-scale roughness of the woven fabric enhanced the hydrophobic
character, but not enough: The maximum static WCA obtained was 144°, increasing with the density of
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filaments. Instead, a 1 min plasma nano-texturing was enough to form nanopillars on the fabric surface
leading to water repellency once it had been coated with a silicone-like coating about 30 nm thick.

Stable super-hydrophobicity is better obtained forming hierarchical or dual scale (micro-/nano-)
structures. Jose Marquez-Velasco et al. compared the wettability of flat and micro-patterned (by
photolithography) SU-8 after plasma nano-texturing. The latter was achieved by O, plasma in a
helicon reactor and deposition of 15 nm FC coating [42]. They could produce nanopillars 2 um high on
patterned SU-8 in 5 min, as shown in Figure 7. They confirmed that the presence of both micro- and
nano-features greatly enhanced the hydrophobic character.

Figure 7. Dual-scale topography of O, plasma-treated micro-structured SU-8 surfaces (SEM image).
Reproduced with permission from [42]. Copyright 2009 Elsevier B.V.

Many other examples of plasma nano-texturing can be found in Table 2, on other polymers like
PEEK, Kapton and polyethylene, however here a last one should be mentioned. Di Mundo et al.
extensively studied in the last years the oxygen plasma nano-texturing of PTFE [49-52]. The idea was
to start from a bulky hydrophobic polymer to have a durable super-hydrophobic surface in a single
plasma nano-texturing step. As illustrated in Figure 8, changing the RF power and the process time not
only had an effect upon the size (as reported in the previously mentioned cases), but also on the shape
of the submicrometric features. Namely, increasing time/power, the structures passed from a conic
shape surmounted by hairy filaments (FS samples), to cones with spherical beads on the top (S-0-C
samples). Here it is important to stress that such materials had a sharp super-hydrophobic behavior.
Moreover, in water droplets bouncing experiments, authors showed that the contact time of the falling
drop with the surface was very short for both the FS (200 W/10 min) and the S-0-C (300 W/15 min),
being around 10.7 ms. However, increasing the impact speed, as expected, the contact time increased
for the S-0-C, since the impact pressure increased, whereas for the FS samples it remained low. This was
explained with the formation of stable air cavities underneath the filaments, as it has been reported for
the Salvinia leaves [12], which are very similar in shape to the submicrometric features reported in this
work (compare with the example reported in Table 1).
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Figure 8. SEM images of Teflon® surfaces treated by a self-masked, oxygen-fed plasma process.
The effect of increasing the process time at constant power (200 W) is visible on the diagonal from
the upper-left to the lower-right image. The effect of increasing the power at a constant process time
(15 min) is shown on the diagonal from the lower-left to the upper-right image. Reproduced with
permission from [50]. Copyright 2016 Elsevier.

3. Plasma Nano-Texturing Mechanism and Suggested Approach: How?

One main question remained open in this review: “how can plasma etching lead to the
nano-texturing of polymers?”, or alternatively “what is the mechanism of plasma nano-texturing?”.
If the mechanism is understood, likely it would be easier to optimize and control the plasma
nano-texturing process on a specific polymer.

The first step to understand the main mechanism leading to direct plasma nano-texturing is the
observation that, at the end of the process, the nano-textured polymer surface presented contamination
of atoms different from the substrate and from the gas feed. Vourdas et al. found aluminum on
nano-textured PMMA [63], while Palumbo et al. reported Cr and Fe contaminating PC upon plasma
nano-texturing [43], and on PTFE just on the top of the nanostructures, in this case determined by
means of energy-dispersive X-ray spectroscopy (EDX) map analysis, as reported in Figure 9 [52].
A similar metal contamination was identified by Ko et al. onto nano-textured PMMA, PET, Carbon
fiber and diamond [69].
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Figure 9. SEM image (left) and corresponding Scanning Electron Microscopy-Energy-dispersive X-ray
spectroscopy (SEM-EDX) map of iron (right) of a polytetrafluoroethylene (PTFE) sample treated by
plasma at 300 W for 15 min. Adapted with permission from [52]. Copyright 2019 Elsevier B.V.

In the case of [63], the ICP chamber had an alumina dome, while in the other examples, it was
a capacitive coupled reactor in a stainless steel chamber and electrodes, in both cases materials
compatible with the found contaminations. Ko et al. in another paper showed that if the electrode
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sample holder was covered by a PS plate, no pillars could be found using the same experimental
conditions, usually leading to the nano-texturing of PET [68]. In an analogous experiment, but on the
ICP plasma reactor, by covering the alumina dome with a thick carbon-containing polymer coating,
plasma nano-texturing was greatly reduced. These outcomes support the idea that the metal-containing
species which sputtered from the electrodes and reactor walls contaminates the sample with unvolatile
nanoclusters. On the other hand, when the emitting parts are covered with C-containing polymers,
the species contaminating the sample are carbonaceous, hence they can be easily removed from the
surface by the same running plasma etching process.

Keeping in mind this observation we can describe the mechanism according to the scheme
reported in Figure 10 [63,68,69,74,77]. When a plasma is ignited in presence of a polymer and of a
gas feed, producing a suitable etchant species for that sample, conventional plasma etching starts
by the formation of volatile species, and the polymer surface is eroded. At the same time, ions from
the plasma are accelerated onto the electrodes and walls causing the sputtering of inorganic/metal
species that deposit onto the sample surface (a). Such species cannot be ablated and consumed in the
experimental conditions used (gas feed being typically oxygen, CF4 and SF¢), and they assemble a
sort of nano-mask with respect to the arriving etchant species (b). Hence, the etching process of the
polymer, assisted by the impinging ions, can proceed only through the apertures between the inorganic
clusters (c).

o el A
N;.' K../; ‘ '-.: -_,.'.-. o "..:o: -.' o

(a) (b) (©)

@ Etchant species

@ volatile product

o Metal from the
electrodes and walls

Figure 10. Schematized mechanism of the plasma nano-texturing of polymers. (a) plasma ignition,
etchant species producing volatile species; (b) during plasma etching metal clusters stick on the sample,
masking the surface; (c) Etching proceed though the nanomask.

Even if the process leads to high aspect ratio pillar/filaments, the etching process has an important
isotropic contribution, as it can be observed from the roundish shape in the inter-feature regions,
see Figures 2, 3 and 5. This is also confirmed by the increasing distance between the pillars when
the etching time is prolonged (Figure 1). The observation that the nano-features” height increases
with process time and input power is obviously due to the longer exposure to and higher content of
etchant species.

A confirmation of the explained mechanism comes from the analogies indicated in the formation
of “Black Silicon” during processes of Deep Reactive-ion Etching (RIE) [80]. SF¢ gas is used as the main
etchant of silicon, and the addition of O, leads to the production of non-volatile silicon-oxy-halogens
(Si0«Fy), where such species randomly settle on the silicon sample and only the unmasked areas on
the silicon can be etched. The RIE process typically involves alternating “etching” and “deposition” of
the silicon substrate. In this specific process a sidewall passivation of the structures develops, leading
to high aspect ratio of the nanofeatures, see Figure 11.
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Figure 11. “Black silicon” formed during a reactive-ion Etching (RIE) process of silicon. Adapted with
permission from [80]. Copyright 2009 IOP publishing.

Another point can be considered in the mechanism. If a fluorine-containing gas is used for the
plasma nano-texturing of an organic polymer, the engraving process is accompanied by the grafting of
F atoms, often leading to a substantial decrease in the water wettability. This has been observed in the
nano-texturing of polystyrene by plasma fed with an O,/CF,4 gas mixture, [47] or in the case of SU-8
etching in perfluoromethane plasma [59].

The role of the metal sputtering deserves a further comment. Being the sputtering of electrodes and
the wall reactor, a crucial step in plasma nano-texturing, the resulting treated surface is contaminated,
and this could be an undesired effect for some specific applications. Consider that the main application
is often the production of water-repellent surfaces: In this case, as deeply described in Section 2,
a hydrophobic coating is commonly added, with the additional effect of covering the contaminating
material. In fact, it is quite easy to deposit Teflon®-like coatings by low pressure plasma fed
with fluorocarbon, also in the same reactor [48,65] or, as an alternative, silicone-like films from
organosilicon-fed plasma, just to keep an all dry process. Less straightforward, instead, is to use
texturing to get a stable super-hydrophilic surface. In fact, once a polymer surface is transformed into
hydrophilic in a matter of days it recovers the original wettability, or most of that. Such phenomenon
is known as hydrophobic recovery, and it is based mostly upon the natural mobility of the polymer
chains, whose displacement attempts to reduce energy by burying the polar groups [81,82]. In this case
a possible approach is to deposit an inorganic coating, as described in the previous section for [43,44].
On the other hand, it has been proven that long treatment time in O, plasma, 20 min or higher, leads to
stable (20 days or more) super-hydrophilic surfaces, as demonstrated for PMMA and PEEK. This can be
due to more extensive grafting of functional groups, and higher amount of hydrophilic contaminating
clusters. Furthermore, it should be considered that aging is partly hidden by the nano-texturing,
leading always to a lowering of the WCA of hydrophilic surfaces.

In other examples some approaches have being investigated for “controlling” the contamination.
This was the case reported by Schulz et al., that turned the direct process in a double step one [83]:
The first step consisted in the very short evaporation of the silicon or titanium dioxide non-continuous
layer. The role of this step was to deposit a specific random nano-mask, through which the following O,
plasma etching (in electrodes/wall sputtering-free conditions) could engrave the nanopillars. The authors
succeeded with this approach to nanotexture PMMA, thus increasing its optical transmittance.

In another elegant work it has been shown that PET can be plasma nano-textured using a specific
metal contamination, notwithstanding the nature of reactor electrodes and walls [68]. The reactor
was a capacitively coupled one, so the authors completely covered the bottom electrode holder with a
well-defined metal (Ag, Cu, Ptand Si). In this way, in one single process, they could obtain nano-textured
PET with specific metal nanoparticles on top of the structures, with potential photonic applications.
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4. Conclusions

The aim of this review was to illustrate the versatility of plasma nano-texturing. Nano-features
with high aspect ratio can be engraved in polymers of different nature, hydrocarbon, fluorocarbon or
silicone-based, with a mask-less, one-step process.

To summarize:

e  Most of the common hydrocarbon or acrylate/ester polymers (PMMA, PET) and alike, can be
efficiently nano-textured in O, plasma in CCP or ICP reactors.

e Also F-containing feed, such as CF4 or SFs, can be used with such polymers; in this case,
since scarcely polarizable C-F bonds are formed, the WCA can increase, and in some cases the
surface becomes super-hydrophobic.

e Silicone-based polymers, having an O-Si—O backbone, can be plasma nano-textured only in
fluorinated feed (chlorine-based could likely work as well, but it has not been proposed for the
disadvantages of handling such a process).

e Plasma nano-texturing brings the advantages of high throughput processing with low
environmental impact.

e Itis compatible with following procedures to add additional properties to the surface: For example,
plasma deposition of low surface energy coatings for a water repellent surface, or stable hydrophilic
film, or functionalized for biosensing and alike.

e  The mechanism has been illustrated; the process, though very reproducible, depends on the
contamination of the polymer surface during the plasma etching. This could be a drawback, if for
the intended application, the inorganic contamination represents a problem, but several solutions
have been indicated to overcome this issue.
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