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Symbols and Abbreviations

Symbols
c Crystalline fraction [-]
d Distance between two bodies/atoms [m]

Evaw Van-der-Waals energy [J]
Fcap Capillary force [N]
Fel Electrostatic force [N]

Fvaw  Van-der-Waals force [N]

h Height [m]

H Hamaker constant [J]

K Coulomb constant [NAC?]
L Substrate thickness [m]
lo Length [m]

p Pressure [bar]

P Power [W]

<P,> Average degree of orientation [-]
q Force of spherical charge [C]

R Flux of positive ions [W/rf

qu(T)  Heat loss function [W/fj

on(T)  Net flux to the substrate [W/h

r Ratio of the true area of liquid-solid contactlte projected area [-]
R Radius [m]

ry, r  Principal radii of surface curvature of the menssfm]

Ra Surface roughness, arithmetic average of the ateseflues [um]

T Temperature [°C]

t Time [s]

To Wall temperature [K]

tann Annealing time [min]

U Voltage [V]
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v

Vsl
Vsv
Ah™
Ah™
4ap

0SB

Dair

Stretching rate [mm/min]

Total etching rate [nm/min]

Etching rate of the amorphous phase [nm/min]

Etching rate of the crystalline phase [nm/min]

Degree of crystallinity [-]

Accomodation coefficient for molecular heat tramgfe

Interfacial free energy per unit area for the ligquapour interface [N/
Interfacial free energy per unit area for the stitidid interface [N/
Interfacial free energy per unit area for the sefighour interface [N/A)
Melting enthalpy of 100% crystalline polymer [J/g]

Melting enthalpy [J/g]

Laplace pressure [Pa]

Elongation [%]

Surface radiation emissivity constant [-]

Contact angle [°]

Apparent contact angle according to Cassie andeB§\t
Equilibrium angle of contact [°]

Apparent contact angle according to Wenzel [°]

Thermal conductivity of gas [W/Km]

Molecular thermal conductivity of gas [WKiPa]

Density [g/cni]

Stefan-Boltzmann constant [W#K]

Area fraction of air [-]

Area fraction of solid [-]
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AFM Atomic force microscopy

Ar Argon

AuPd Gold palladium

CA Contact angle

CH Methane

DMT Dimethylterephthalate

DSC Differential scanning calometry
e-beam Electron beam

EG Ethylene glycol

F Fluorine

H.0 Water

HAR High aspect ratio

He Helium

LMWF Low molecular weight fragments
MD Machine direction

MEH-PPV  Poly(2-methoxy-5-(20-ethylhexyloxy)-1,4-ptyenevinylene)
N/N, Nitrogen

N2O Nitrous oxide

Nd Neodymium

NH3 Ammonia

0/0, Oxygen

PAG6 Polyamide

PBT Poly(buthylene terephthalate)
PDMS Polydimethylsiloxane

PE Polyethylene

PEDOT:PSS Poly(3,4-ethylenedioxythiophene) poly(styrenesusfia)
PEM Polyelectrolyte multilayers

PEN Poly(ethylene naphthalate)

PET Poly(ethylene terephthalate)
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PMMA
PP
PPY
PS
PTFE
PVDF
rf
RIE
RuQy
SEM
Sk
Si
Sus
Te
D
TEM

TiO;
TPA
UHMW
uv
VUV
Vdw
WAXS
YAG

Polymethylmethacrylate
Polypropylene

Polypyrrole

Polystyrene
Poly(tetrafluoroethylene)
Polyvinylidene difluoride
Radio frequency

Reactive ion etching
Ruthenium tetraoxide
Scanning electron microscopy
Sulfur hexafluoride

Silicon
1-methoxy-2-propylacetate
Crystallisation temperature
Transverse direction
Transmission electron microscopy
Glass transition temperature
Titanium dioxide
Terephthalic acid

Ultra high molecular weigth
Ultraviolet

Vacuum ultraviolet

Van der Waals

Wide-angle X-ray diffraction

Yttrium aluminium garnet
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179 pages, 84 figures, 12 tables

Abstract: Nano and microstructured surfaces found on shiarsslotus plants, moth

eyes or gecko feet can reduce flow resistance, rgeneself-cleaning surfaces,
antireflection layers or reversible adhesion forc€seat interest has developed in
transferring the principles of nature to techniegdplications. Therefore, different

patterning techniques have been developed, suoptasl, e-beam, or soft lithography,
to generate micro and nanostructures on materifhs. However, all of these
techniques have limitations. Most of them requingecsal equipment, are time

consuming, expensive or can only structure smaasrIn this thesis a simpler, time-
saving and less costly patterning procedure is Idped which relies on reactive ion
etching of polymer surfaces. High aspect ratio nstnactures with diameters between 15
and 40 nm and lengths up to 1 um were fabricateéawg(ethylene terephthalate). A
systematic study of the influence of plasma andrmel parameters was performed to
understand and control structure formation duritesipa treatment. Commercial and
laboratory-made films with different amounts of stllinity and orientation were plasma
treated and subsequently analysed using scannewral microscopy, weight loss

measurements, differential scanning calometry ardk-sangle x-ray diffraction. Fibril

length could be adjusted by variation of plasmaapwters, whereas the polymer
microstructure influenced material response to rpiastreatment and therefore the
resultant surface design. Different etching ratedamains of different order, generated
by thermal and mechanical pretreatment, was corexidas the mechanism for fibril

generation. The nanostructured surfaces exhibieagt w adhesion compared to flat
analogues and an increasing friction coefficienthwncreasing surface roughness. By
combining plasma treatment with fluorinated coatinguperhydrophobic surfaces with a

lotus effect were obtained.
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Institut fur Materialwissenschaft, Universitat $gatrt und
Max-Planck-Institut fir Metallforschung, Stuttga210

179 Seiten, 84 Abbildungen, 12 Tabellen

Kurzzusammenfassung:Nano- und mikrostrukturierte Oberflachen auf deifidch-
haut, der Lotuspflanze, den Mottenaugen oder dexk@@f3en reduzieren den Reibungs-
widerstand, erzeugen selbstreinigende Oberflaceetspiegelnde Beschichtungen oder
reversible Haftung. Es ist ein grof3es Interessst@mien, die Prinzipien der Natur auf
technische Anwendungen zu Ubertragen. Deshalb wurdenterschiedliche
Strukturierungsmethoden wie zum Beispiel Lithogiapérfahren entwickelt. Allerdings
haben alle Techniken Beschrankungen. Sie bendggem spezielle Ausristung, sind
sehr zeitintensiv, teuer oder es kdonnen nur Kki&ildehen strukturiert werden. In der
vorliegenden Arbeit wurde eine einfache Struktungysmethode entwickelt, die auf
reaktivem lonenatzen von Polymeroberflachen basigntukturen mit einem hohen
Aspektverhaltnis, einem Durchmesser zwischen 154hdm und einer Lange bis zu 1
pum konnten auf Polyethylenterephthalat hergesteditden. Es wurden systematische
Untersuchungen durchgefuhrt, um den Einfluss dasrR&- und Polymerparameter auf
die Strukturentstehung zu verstehen und zu kordreh. Dazu wurden Filme mit
unterschiedlicher Kristallinitdt und Orientieruntagmabehandelt und anschlieRend mit
Rasterelektronenmikroskopie, Gewichtsverlustmessoung Dynamischer Differenz-
kalorimetrie und Weitwinkel-Rontgenstreuung anaytsi Durch Variation der
Plasmaparameter konnte die Saulenldnge eingestaitten, wahrend die Mikrostruktur
des Polymers die erhaltene Oberflachenstruktur irbege. Vermutlich sind
unterschiedliche Atzraten in Domanen mit unterstiideer Ordnung (entstanden durch
thermische und mechanische Vorbehandlungen) veoatiivth fiir die Entstehung der
Nanosaulen. Kombiniert man die Plasmabehandlung miiher fluorhaltigen
Beschichtung, so erhélt man superhydrophobe Obbdla mit Lotuseffekt. Die
strukturierten Oberflachen zeigen eine geringe Adimim Vergleich zu glatten Proben

und einen steigenden Reibungskoeffizienten mit kmender Substratrauigkeit.
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1. Introduction and Motivation

Hairy adhesive pads are found among several arspwties like geckos, flies, beetles
and spiders [1-5]. They enable strong but revessidihesion when the animal is
climbing steep or overhanging smooth surfacesnleféort to mimic nature’s reversible
adhesion principle, different structuring methodsdbeen applied to obtain micro- and
nanostructured surfaces with similar adhesion pewdmce [6]. Optical [7-10], e-beam
[11], and soft lithography [7-10, 12] have beendise obtain regular, well-defined
micron and submicron structures, but with simplergetries, reduced aspect ratio and
over small areas. Arrays of carbon nanotubes hbseeleen developed and show high
adhesion forces but no reversibility [13-16]. Realion of a lithographic master with
polymeric materials has also been proposed as a efficient and less costly fabrication
method [12, 17-19]. However, replication processeslving nanosized structures with
high aspect ratio easily break during demoulding esquire previous manufacture of

costly master by lithography processes.

There is no doubt that the implementation of geiclspired adhesives into consumer
articles requires the development of a simplergetgaving and less costly patterning
procedure that do not rely on the use of lithogmmpgbhmplates or highly specialized

equipment. In this context, the control of surfacaghness during plasma treatment of
polymer surfaces seems to be an attractive alteenaburing plasma treatment, the

surface of a material is exposed to a broad spactifuions, electrons, excited neutrals,
radicals, UV and VUV radiation. On a polymer sudathese species may cause melting,
etching and grafting processes at the surface. Asesalt, the surface chemical

composition and topography undergo significant gesnand surface properties are
modified. These changes depend on the initial cba@nmature and physical state of the

material, as well as on the plasma treatment comgdiapplied [20].

In semicrystalline polymers, crystalline and amaysh domains at the surface are

expected to show different responses to plasmamnssd. Amorphous domains are
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generally more susceptible to plasma etching thgstalline domains and, therefore,
etching preferentially erodes the amorphous domairt leaves behind the crystalline
ones [21]. Such selective etching leads to surfaeghening. Recently, interesting
surface topographies have been reported upon plasesment of different

semicrystalline polymers. Nanometer-sized roughness observed on cellulose fibers
after oxygen plasma treatment with a feature sesistent with the dimensions of
crystalline microfibrils [22]. Hills and ridges ghed perpendicular to the final draw
direction of the film, or fibrillar structures witfibrils with 20 nm in diameter and up to
300 nm in length were observed after oxidative mpdreatment of PET films [23-25].

Other geometries have been reported for amorphatesrials:

Bumpy structures with a diameter between 20 and rit60and a height up to

several hundred nanometers in Polystyrene (PSyGH/O, and Ckg plasmas

[26, 27]

e Pins with 70-90 nm thickness and up to 600 nm heafter Ar/Q plasma
treatment of PMMA films [28-32]

» Short and branched walls in PP [33, 34]

* Sponge-like [35, 36] and needle-like [37] topogmaph Teflon surfaces

* Quasi-periodic dimples with heights between 1.5 dridum and a periodicity
around 1.5 um after Gplasma treatment of PDMS [38]

* Randomly-oriented wrinkles on crosslinked PDMS watimtrollable periodicity
in the 50—200 nm range [39-41] and controlled wimtkon PDMS [42, 43] after
O, plasma

¢ Nanohairs in PDMS after $f44-46] and CEO; [47, 48] plasma treatment

These structured surfaces have been studied in steoh their resulting
superhydrophobicity and antireflecting propertiast no attempts to study or control the

mechanisms of structure formation have been made.

This thesis aims to study in detail the mechanispattern formation in semicrystalline

polymers and to identify plasma and material patarsehat allow control of pattern
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geometry. Poly(ethylene terephthalate), PET, wad as semicrystalline polymer. PET
samples with different thermal and mechanical tnesits were plasma treated under
different parameters and the mechanism of patamdtion was analysed. We expected
different response of ordered and non-ordered dwsrtai plasma treatment and this was
exploited for pattern development. Nanopatternethsas with different and controlled
geometries were obtained and the correlations last\ee resulting geometry and the
underlying polymer crystalline morphology was invggted. Special effort was paid to
identify and understand the formation of hairy stawes because of their potential to
generate gecko-like adhesives. Wettability, admearal frictional properties of the

obtained surfaces were tested.






2 Theorietical Background and Literature Review 23

2. Theoretical Background and Literature Review

2.1 Surfaces in nature

Nature created a large diversity of rough surfabas serve several purposes. Periodic
sub-wavelength structures are found in moth ey8% [Bhey are conical protuberances
about 200 nm in height and spacing (fig. 1a) [90jis nanostructured surface acts as
anti-reflection layer. Light goes through the lemkich improves visual faculty of the
moth and simultaneously, the nocturnal moths doreftect any light and are not visible

for most natural enemies.

Nano and microstructured surfaces are also fournderumvater. Shark skin exhibit
microridge patterns in form of grooves and ribletseach scale (fig. 1b). The grooves,
200 — 500 pum in size, are directed parallel to ldmgitudinal body axis and match
exactly to each other. By means of this patteow flesistance is reduced about 5 - 10 %

compared to flat analogues [51].

On the skin of pilot whales a pattern of nanoriggelosed pores obscured by an
enzyme-containing gel is visible (fig. 1c) [52]. 89 nanoridges are approximately 100
nm deep and 100 — 200 nm thick, surrounding poi#s an average pore size of about
0.2 pnt. Biofouling reduces hydrodynamic efficiency andymegatively affect health if
not managed. According to the authors, the plarsttathment of biofoulers is restricted
to the level of the margins of the pores or the tpthe nanoridges. Deeper invasion into
the pores is not possible without heavy enzymaigestion. Due to the swimming
behaviour of the whales, especially jumping, bitdosi are removed if they are not
attached to protected microniches. Nanoroughnedbeofkin in combination with an
enzyme-containing gel and swimming behaviour of Wieles prevents microfouling

organisms to attach to the skin.
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(reprinted from ref. [53] with permission from tHeoyal Society). b) Shark skin surface of Galapagos
shark (C. Galapagensis) (reprinted from ref. [54ittwkind permission from Springer Science+Business
Media). ¢) Nanoridge-enclosed pores on the skimpitdt whales (reprinted from ref. [52] with kind
permission from Springer Science+Business Media).

Lotus plants developed micro and nano structurdseep their leaves free of dirt. The
leaf surface is covered with bumps (between 10 2@dum in size) consisting of
papillose epidermal cells coated with wax crystdBq100 nm in diameter and more than
1 um in length) (fig. 2a, b). Particles contamingtihe leafe surface are in most cases
more readily wetted than the wax components. Tthese particles are easily removed
by water droplets rolling over the surface. Addidly, the so-called lotus effect plays an
important role in the defence against pathogenereSpand pathogenic microorganisms
are continuously deposited on the plant surface. gesmination most of them need
water. Due to the lotus effect, plant leaves arentaged dry and avoid germination on
their surface [55-58].

The combination of surface roughness, reducedgmddhesion and water repellency is
found in other biological surfaces, not only in k& Wings in insects are likewise
covered with wax crystallites exhibiting dimensiogsisnilar to those found in plants.
Mainly insects with a big wing surface comparedtheir body mass like mayfly and
dragonfly have very unwettable wings [59]. Drippingter drops remove particles nearly

completely.

Carnivorous plants of the gendgpenthesdopt pitcher-like leaves to trap insects. Inside
the pitchers a slippery surface keeps insects &i@&pjphis surface consists of a waxy

double layer. The wax crystals of the upper layendth = 1 pm, thickness = 35 nm)
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contaminate the adhesive pads of the insects4dép. They are connected only through
small stalks to the substrate and thus break eadilgn the insects make contact.
Moreover, they are very brittle and break easily itiny pieces. The entire crystals as
well as the small fragments adhere well to theanhf=et and contaminate the attachment
organs. Thus, contact formation between adhesids pad the surface is affected and
adhesion is reduced. Crystals of the lower layseméle foam with platelets (length =

800 nm, thickness = 40 nm) oriented at acute artglélse substrate (fig. 2d). The high

microroughness of this layer decreases real comt@a with the adhesive pads of the
insects so that they cannot attach properly. Thedts thereby slip deeper into the trap
where they are digested [60].

o A

Fig. 2: Examples of structured surfaces found iture Lotus leafe microstructure with a) papilosdls
and b) wax tubules on it. (Reprinted from ref. [6lith permission from Elsevier.) c) Upper and dyér
wax layer in pitch of Nepenthes plant. (Reproduftech ref. [60] with permission from the Journal of
Experimental Biology.)

On the feet of beetles, flies, spiders, and getlany structures are found (fig. 3). These
hairs serve as attachment systems which enable tihemhere to and detach from any
kind of surface very easily. Interestingly, theesf the hairs scales inversely with the
body weight — the bigger the animals, the smaherterminal elements. While beetles
and flies segregate small drops of liquid at the df these hairs and adhere due to
capillary forces [62-65], spider and geckos adhaeenly by van-der-Waals forces [1,
66]. Geckos are the biggest animals with hairycattzent pads. Their feet are covered by
lamellae consisting of millions of setae with agdénof about 100 um. Each seta divides
into branches and then terminates into hundredsipsd called spatulae with 200 — 500
nm in size [1, 67]. Adhesion experiments on alrdiehical levels were performed. For
the two front feet of a living Gekko gecko an adiegorce of 20 N was measured [68],
single setae can generate up to 200 pN in shedaf@®40 uN in adhesion [70] while
single spatulae adhere with 10 nN [71]. If all set& the toes attached simultaneously, a
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gecko could lift 133 kg [72]. Generating such bayces, gecko setae should be very
sticky. However, this is not the case. The righemtation to the substrate as well as a
small preload and a shear displacement of aboutn5along the axis of the seta are
necessary to generate large shear force. If thaliadhesion of one footstep during wall
climbing is not high enough to sustain a gecko’dybaveight, the animal begins to slide
down the wall. Initially not attached spatulae the@me in contact to the substrate
through sliding until the force is great enoughstpport the animal’s weight [73]. With
this surprisingly large attachment forces it is aekable that geckos are able to detach
their feet in just 15 ms with no measurable detamfinforce. A simple increase of the
setal shaft angle with the substrate to 30° cadstschment. It was proposed that as the
angle of the seal shaft increases, sliding stopsstess increases at the trailing etch of
the seta. This causes fracture of the seta-subdtoatd [69]. Geckos achieve this increase

of the setal angle by hyperextension of their toes.

Gecko feet do not seem to stay dirty. Contaminé&ded recover their ability to cling to
vertical surfaces after only a few steps. No wageinvolved in self-cleaning. It is
suggested that the adhesion between dirt partasiessubstrate is higher than between
dirt particles and spatulae. Thus, during moventkatparticles stick to the substrate.
Only dirt particles which are strongly impactedthg setal surface become irreversibly
attached [74].

body Mass =i

beetle fly spider gecko
Fig. 3: Hairy attachment structures of a) beetlgflig, c) spider, and d) gecko. Dimensions of @reninal
elements decrease with increasing body weight ef ahimals. Simultaneously, number of terminal
elements increase. (Reprinted from ref. [{B]PNAS.)
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2.2 Overview of patterning techniques for fabricaton of structured

surfaces

Inspired by rough surfaces in nature a great istenas developed in transferring micro
and nano patterns to technical applications. Infions in the area of micro and nano
fabrication have created many different techniqdes patterning surfaces in the
millimeter to nanometer range. In the followingsteort overview will be given about the

most important methods.

Lithography is used to transfer a pattern from asknanto a substrate by means of an
etching process. In resist lithography pattern df@nis performed with an irradiation
source and a photosensitive polymer material @y. First, a clean planar surface,
typically a silicon wafer, is spin coated with thguid photoresist. Then, the substrate is
“soft baked” in order to remove the solvents in tasist and to improve resist-substrate
adhesion. Subsequently, selected parts of the msid film by means of a mask are
exposed to a light source (UV lamp, electron beamx-rays). Thus, photochemical
processes in the resist are initiated which chatysical and chemical properties in the
exposed areas. Most commonly, the solubility offtine in an etchant is modified. Either
the solubility of the exposed areas is increasduchwleads to a positive image after
developing, or it is decreased and a negative inmgenerated. Lithographic structures
down to sub-100 nm dimensions can be generate@y.6~urthermore, it is possible to
fabricate complex patterns such as high aspeco,rdtited, suspended, curved,
hierarchical, or 3D geometries (fig. 6a) [82]. isantages of photolithography are the
complicated structuring of polymeric or curved dudies. It needs several steps and it is
not possible to pattern large areas. In additiba,ahemicals involved are incompatible

with many organic materials [82].
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1) Coating photoresist 3) Masked irradiation (UV, X-rays...)

Photoresist

_ Substrate _ﬂ_ﬂ_ﬂ_ﬂ_ Mask

2) Soft baking 4) Development

— BB B W (Negaiie photoresisy

Fig. 4: Photolithographic structuring: Photoresig spin coated on a clean substrate. After softirgak
selected parts of the resist film are exposed lighd source, then the film is developed. Courtafsi. del
Campo.

Mask fabrication is difficult, time consuming, aedpensive, particularly when only a
small number of wafers are to be fabricated. Masklechniques like laser prototyping
present a suitable alternative. Laser prototypingns the resist surface with UV,
nanosecond pulsed, excimer, and Nd:YAG lasers §&). Thus, larger areas can be
patterned than is possible with lithography. Reger8D structuring was enabled by
picosecond and femtosecond lasers which exhibltarigrecision in a single step using
two-photon polymerizable systems (fig. 5b). Sincasel prototyping relies on

photoactivation and development of resist layel®e same procedure of coating,
development and rinsing is applied. With two-pholitimography, structures as small as
100 nm have been fabricated (fig. 6b) [83-88]. Thithod offers high penetration depth
such that high aspect ratio structures can be gtsterLaser prototyping offers high
flexibility in pattern design as no mask, mould,stamp is required. The equipment is
easy to operate and maintain, and processing daoegwvolve vacuum conditions as

lithographic methods. 3D structures can be creatddhigh precision [82].
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Fig. 5: a) Schematic of a laser prototyping system for stétemgiraphy. Writing is accomplished by mirror
scanning angle. b) Schematic of a two-photon lithphgy system based on a cross-beam two-photon two-
colour scanning laser microscope. Pulses from teanis split from an identical laser output overlap i

both time and temporal domains, so that absorptimtess can be launched by simultaneously absorbing
two photons. (Reprinted from ref. [85] with kind'péssion of Springer Science+Business Media.)

Serial writing with charged particles is a masklégsographic technique using either

electrons or ions. In electron beam lithographel@atron beam is directed to an electron
sensitive resist, most frequently PMMA is used. Timpinging electrons generate a
cascade of secondary electrons with relatively kEwergy. Free radicals and radical
cations are formed which cause chain scissionenettposed resist film. Subsequently,
by developing the sample either the exposed orexposed regions are removed from
the resist. Very small structures with resolutiohsip to 50 nm and aspect ratios of up to
5 have been obtained [89]. The small penetratignihdef the electrons restricts the use to
layers below 100 nm in thickness. This method basthroughput and is suited only for

small area fabrication.

lon beam lithography, on the other hand, uses higirgy ions and protons which are
able to deeply penetrate the resist material widtl-defined paths. Penetration depth
depends on ion energy. The higher the energy,dbpeat is the penetration. lons interact
with electrons and generate low-energy secondaggtreins which induce chemical
reactions that lead to lithographic imaging. Itpisssible to fabricate high aspect ratio
structures with smooth and vertical side walls high packing density [90, 91] as well
as tilted structures with submicrometer resoluti®2, 93]. An example of proton
lithography is shown in figure 6c.
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/

Fig. 6: Micro- and nanostructures fabricated by ®yay lithography (reprinted by permission from
Macmillan Publishers Ltd: Nature [81], copyright @0), b) two-photon lithography (reprinted with
permission from ref. [87]. Copyright 2003 Wiley-VEland c) proton beam lithography. (Reprinted with
permission from [94]. Copyright 2003, American Ihge of Physics.)

Scanning probe microscopes move an atomically stiprm close proximity to or in

contact with a surface with subnanometer accufdgyapplying a bias voltage, electrons
can be emitted from the tip and expose the resist similar way as in electron beam
deposition. In scanning probe resist lithographifimg speed is very low, but resolution

is in the low nanometer range [82, 95].

Scanning probe microscopes can also be used faymmaohing. Machining involves

milling material from surfaces in a controlled wétyis a resistless patterning method that
can be applied to many different materials. Thefithe scanning probe microscope is in
direct contact and displaces material from desiegfions of the substrate. Heating the
temperature of the tip above the glass transitemperature of the polymer resist
facilitates writing. Resolution of this method igry high. It varies from 0.1 nm to

micrometer size and is limited by the tip size #melresist thickness. High loading forces
are involved which lead to wear of the tips. Wead aontamination of the tips degrade

edge resolution with time [82].

Focused ion beam is also used for nanomachiniigg 8&) [96]. Emitted gallium ions are
focused by an electrical field and impinge on tloéymer surface. Redeposition of the
material is avoided by reaction with a reactive gas then evacuation from the chamber

by a vacuum pump. Secondary electrons generateslbsions of ions with the sample



2 Theorietical Background and Literature Review 31

surface can be detected and enable simultaneoggnignduring machining. Rotation and
tilt of the sample allows the generation of 3D swmps well as tilted patterns [97, 98].
The method has a high spatial resolution but ig skw [82].

Direct writing fabrication methods employ a comptentrolled translation stage which
moves a material delivery tool (ink-jet print heaatsfilament microextruders) across a
substrate. 3D patterns with controlled architectanel compositions are generated by
sequential, layer-by-layer deposition of a fluidg(f8b). Subsequently, the fluid is
solidified. Rheological properties of the ink likéscosity and viscoelastic proprties are
the main restrictions of this method. A wide rafenaterials can be used. Feature sizes
from hundreds of micrometers down to the submictemscale can be fabricated [82,
99-101].

One of the oldest and simplest forms of plasticpssing is moulding. The surface relief
of a hard master tool, which is named mould, tetepta stamp, is transferred into a
softer material. Different methods have been deedofor moulding. Thermoplastic

polymers are shaped by hot embossing (also calledimprint lithography) (fig. 7a) or

thermal injection moulding. Pattering occurs by foomal contact of a nanostructured
mould using heat and pressure [102]. Heat redutssity of the polymer and the

applied pressure causes the polymer melt to fldw time cavities of the mould. Then the
melt is hardened by cooling and can be separated fihe mould. In injection moulding

polymer melts with relatively low viscosity are égfed with high pressure through a
nozzle into a closed cavity while during hot emliogswhole polymer sheets are
compressed between the plates of an embossingaessst the mould. Pattern up to 25
nm in size were reported [103].

UV nanoimprint lithography makes use of UV-curalpelymeric precursors for
imprinting. The polymer is coated onto a substeatd pressed against a UV-transparent
mould [104-107]. Hardening occurs via UV-irradiatjand then the patterned film can
be demoulded.



2 Theorietical Background and Literature Review 32

Soft lithography relies on the use of an elastocmerould replicated from a micro or
nanostructured hard master (fig. 7b) [108]. UsuRIBMS is applied. The PDMS mould
can be considered as the final moulded structige§€), or it can be used as a mould in
a subsequent moulding process. It can be easdgsetl from the master or the moulded
polymer even in the presence of complex structuviseover, its low interfacial free
energy and chemical inertness reduce irreversidleesion. Soft lithography can be
applied to large area and high throughput procgsssnrelatively cheap, very flexible in
terms of geometry and curvature of the surfaces aarange of materials can be moulded
[82].
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Fig. 7: Soft moulding processes. a) Hot embossing, andfblithography. Courtesy of A. del Campo.

Solvent-assisted moulding relies on the use ofesdd/for softening polymer films. By
placing the spin-coated film and the soft PDMS rdoml contact, the polymer solution
fills the cavities of the mould due to capillaryrédes. The solvent is then removed by
diffusion into and evaporation through the moul@94114].

In the whole process, mould fabrication is the ntimsé- and cost-consuming step [115].
It constitutes the biggest limitation in the induatapplication of moulding to patterning

surfaces. Therefore, a master is usually fabricateticopies of this master in other hard
materials are used as moulds for imprinting. Thig,risk of mould damage and loss is

reduced. After the mould is imprinted, demouldiras lto be performed very carefully to
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avoid pattern damage, especially in high asper s#tuctures. Damage can occur due to
adhesion and friction between mould and polymenbse of surface roughness, trapping
of the polymer or mechanical stress. To avoid tmsulds with low sidewall roughness,

tapered geometries and antisticking surface comshguld be used [82, 116].

A | ﬂ‘ 1@“&“& "‘7'
Fig. 8: Micro- and nanostructures fabricated byfefused ion beam (Reprinted with permission froij.[9
Copyright 2005, American Institute of Physics.), diject writing (Reprinted by permission from
Macmillan Publishers Ltd: Nature [99], copyright @@), and c) soft lithography(Reprinted with
permission from [117]. Copyright 2007 American @heal Society.)

Transfer printing is a method to transfer negateicas from a soft mould to a different
substrate. A polymer layer is spin coated ontortfwelld instead of onto the substrate.
After solvent evaporation the thin polymer film che transferred to the substrate by
“bonding” them under suitable temperature and pres¢fig. 10a) [118-123]. Transfer
printing is applied on substrates which cannot &l spin coated with a polymer film
[82].

Electric field-induced instabilities can also chargurface topography. Placing polymer
films onto a plate capacitor and raising the terapee above the glass transition leads to
liquid cylindrical bridges spanning the two capaciplates upon application of an
external electrical field. Cooling down below thé&ass transition temperature while
keeping the electrical field on leads to harderohghe polymer and the film retains the
surface pattern (fig. 9, 10b) [124, 125]. The rasglpattern on the film surface can be
influenced by using a structured upper electrodeth Wiilayers even hierarchical
structures can be generated [126]. Electric fiatiliced instabilities develop on each
interface in different characteristic time consgarithis leads to a lateral redistribution of

both materials under the electric field. It is algossible to pattern films of block
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copolymers [127]. The interface between the difietdocks respond in a different way

to the applied electrical field than the polymariaterface.

Film instabilities were explained by a balance ofcés on the polymer-air interface.
Surface tension minimizes the surface area andlizésbthe homogenous polymer film
while the electrical field polarizes the dielectritm. This results in an effective
displacement charge density at the liquid-air fai. A local perturbation in the film
thickness results in a pressure gradient. Thisigmadrives a flow of the dielectric liquid

in the plane of the film and starts structure faiora[82, 125].

A polymer film confined between two close surfaeesl a small air gap also generates
surface instabilities when heated above the glassition temperature without applying

an electrical field. This process is named lithpgieally induced self-assembly [82].
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Fig. 9: Patterning through electric field-induced instabds in a capacitor device. a) The electrostatic
pressure acting at the polymer-air interface causesface instabilities with well-defined wavelength
Polymer columns span the gap between the two eldrafter a certain time. b) A topographical patte

of the top electrode is replicated by the polyniler.f(Reprinted by permission from Macmillan Pubéss
Ltd: Nature [124], copyright 2000.)

Plasma etching can also generate surface structares to plasma treatment polymer
films are patterned with a protective metallic méiskmeans of lithography. Different
etching rates of polymer and metal permits the htetact as etching mask. Polymer
material is removed during plasma treatment whike etal layer remains intact (fig.
10c) [11, 128].
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Fig. 10: Micro- and nanostructures fabricated bytegnsfer printing ([121] Copyright Wiley-VCH Veda
GmbH & Co. KGaA. Reproduced with permission), kkeilcally induced pattern formation (reprinted by
permission from Macmillan Publishers Ltd: Nature2fl, copyright 2000), and c) plasma etching of a
masked polymeric substrate. (Reprinted by permisiam Macmillan Publishers Ltd: Nature materials
[11], copyright 2003.)

Recently, controlled wrinkling was introduced asavel method for fabrication of
patterned surfaces [42, 43]. An elastomeric sutestiagsually PDMS, is stretched and
then coated with a thin hard layer. This can beedoy spin coating or by oxidation of
PDMS either by exposing to UV-ozone or to oxygemspila. Ozone and plasma
treatments create a stiff silica-like material. Mipg a tension during ozone or plasma
treatment to stretch the PDMS film generates weskin the surface layer after
relaxation with a well-defined wave length (fig.el b). The wave length can be tuned by
film thickness (depends on plasma intensity) arehttnent time. Applying biaxial
stretching during plasma treatment generates momgplex patterns. After sequential
release a herringbone pattern (fig. 11c) is visibléle simultaneous release results in
disordered wrinkling. Hierarchical structures canflbricated by plasma treatment and
subsequent coating and an embossing step (fig. Thd)generated patterns can be used
for ordered particle deposition in wrinkles by dipating or for micro contact printing.
Wrinkling is a quick and cheap patterning methoadhegating patterns from several
hundred nanometers up to about 100 micrometer, hwbén be applied to big areas.

Unfortunately, surface defects and cracks cannat/beled.
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Fig. 11: Controlled wrinkling in PDMS. a) PDMS filns stretched during plasma treatment. After
relaxation of the tension the generated silica-filke shows wrinkles with defined wave length. BMS

film after uniaxial stretching during plasma treant. Cracks and defects can be found on the sur@gce
PDMS film after biaxial stretching during plasmae&tment and sequential release led to herringbone
buckling pattern. d) Hierarchical structure genezdtby plasma treatment of PDMS, coating with PEM,
and an embossing step. (With kind permission frprm&er Science+Business Media: [42].)

In table 1 the different patterning methods are marad regarding structuring capability
and application feasibility in an industrial cont¢&2]. Cost, flexibility, and throughput
are the most relevant issues when it comes to raatwring. There is a big variety of

structuring methods but it is evident that nongheftechniques satisfies all criteria.

Tab. 1: Capability of high aspect ratio and 3D patting techniques for industrial and large-area
manufacture application (++ high; + medium, - lowfAdapted with permission from [82]. Copyright
2008 American Chemical Society.)

Technique HAR 3D wet mask or flexible cost | large area
capability | capability |processing mould design throughput

uv ++ + yes yes - + ++

X-ray ++ + yes yes - ++ +

modulated + ++ yes yes - ++ +

interference

lithography + ++ yes No + + +

laser prototyping ++ ++ yes No ++ + +

serial writing + + yes No - ++ -

machining + + no No + ++ -

material deposition | ++ ++ no No ++ + +

moulding ++ + no yes + - ++

filling membranes ++ - yes yes - + -

surface instabilities | + - no optional - - +
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The literature review demonstrates that there isicavariety of surface structuring

techniques. Nevertheless, all these techniques havtations. Some need special
equipment like clean rooms, masks or templates, feieication process is slow,

expensive or complicated, and often it is possiblstructure only small areas. Plasma
etching of polymer surfaces seems to be a promisicgnique for quick, easy and cheap
nanostructuring of big areas. The aim of this wisrko investigate if plasma etching of
polymer surfaces can serve as a nano patterninmitee. The influence of plasma
parameter and polymer morphology on resulting natuctures was analysed.
Poly(ethylene terephthalate) (PET) was chosen replsamaterial because it is widely
used for several purposes, e.g. packaging, purpasethe electronics and electrical
industry because of excellent electrical propert@sas synthetic fibres in the textile
industry. PET is chemically very stable, non-toxdngd exhibits a low crystallization rate,
which enables fabrication of samples with adjustegtallinity. In the following basic

information is given about history and fabricatiorethods of PET as well as plasma

state, plasma treatment, and interactions of plasmith polymer surfaces.

2.3 Poly(ethylene terephthalate) (PET)

At the beginning of this thesis, PET was the ondynmercial polymer mentioned in
literature, which showed the desired fibrillar natmoctures after plasma treatment [24].
Therefore, PET was chosen as material for the expats. In the following section, the
polymer is introduced.

2.3.1 History

Around 1930 a group led by W. H. Carothers at DatRieveloped the first synthetic
fiber made of trimethylene glycol and hexadecametiy dicarboxylic acid. The low
melting point of this aliphatic polyester limited usefulness. About two years later, they

also prepared PET for the first time, but the paynvas a sticky resin and not spinnable.
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Probably the polymerization was incomplete and sxagycol had not been driven off.

At the same time, a polyamide fiber, PA66, was aisced which became the first

successful synthetic fibre. A few years later Wialdf and Dickson, unaware of the

unsuccessful Du Pont trial, selected the same raysibey forced the polymerization to

completion and PET, which is the source of the nsusicessful synthetic fiber, was

developed [129]. In the 1950s, the polyester fibdustry was born when the process of
stretching and uniaxially orienting the fiber wasfcted to improve physical properties.
The technology of biaxial orientation was developethe 1960s. The PET sheets were
first stretched in one direction and then againpeedicular to this direction. This

resulted in a polyester film with enhanced mechaniproperties and low gas

permeability which was widely used for food packagifilm stock, videotapes, and

computer floppy disks [130]. In the 1970s, the mcicbn of PET bottles started [129].

2.3.2 Synthesis

PET is produced by using the educts terephthalit aad ethylene glycol. Two methods
are used in industrial manufacture of PET, the gr&on from dimethylterephthalate
(DMT) and ethylene glycol (EG) or from terephthadicd (TPA) and EG.

The polymerization of DMT and EG proceeds in twepst transesterification (1) and
polycondensation (2). The two polymerization steps easily differentiated. The by-
product of the transesterification step is methawbile that of the polycondensation step
is EG. In both steps catalysts are used. The pnf@asation reaction rate is accelerated
by increasing the temperature to around 270°C. £@moved during the reaction by

application of a moderate vacuum [131].
N
H,C— O0— COC— O— CHz + OH— CH,—— CH,—OH —>

0]
H

|
HO— CH,— CH,—O COC— O— CHy— CH,-—oH +creon D)
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n

Preparing PET from TPA and EG requires a catatgstperatures between 250 — 300°C
and pressure (3). The esterification by-produetaser which imposes severe restrictions
in the choice of catalysts. Thus, insoluble mexadies such as Tifare used.

o) o)

n HO— CHy— CHy— O—— COC— O— CHy— CHy—OH —>
[
COC— O— CHy— CHy— O— + nOH— CHy— CH,— OH

n

3)

2.3.3 Properties and processing

PET is a semicrystalline polymer with a triclinioiti cell [132]. The thermoplastic
polymer readily crystallizes and can be orientet ihighly ordered structures. Heat
setting increases dimensional stability at highgeraturesX 80°C). In this work mainly
biaxial stretched commercial PET films as well &THibres are used. Therefore, the

manufacturing processes are introduced (fig. 12, 13

The sequential drawing process consists of foyrsstig. 12), (i) melt extrusion through
a slot die and quenching to form an amorphous psectilm, (ii) on-line drawing in the
extrusion direction (machine direction, MD), (iiQn-line drawing in the transverse
direction (TD), and (iv) on-line heat-setting [133]ypical values for biaxial stretched
films are a melting point around 255°C, a Youngadmius between 3.6 and 5.2 GPa,
and a tensile strength between 150 and 265 MP4.[134
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Fig. 12: A typical film manufacturing process (tenprocess) showing a sequential drawing combimatio
used to fabricate biaxially oriented PET films [138Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.)

PET fibres are produced by melt spinning (fig. 18)polymer melt, either directly

produced by polycondensation or from textile ctigibto an extruder, emerges from the
spinneret orifice as molten filament. Within thenined walls of the capillary, the

molecules become aligned to some extend duringr dleea. As soon as they exit the

spinneret into an unconstrained environment, dsdation occurs. A transversely
directed quench air stream cools the filament.olidgies at some distance from the
spinneret, called freeze line. The cross-sectianah of the solidified filament is about
100 to 200 times smaller than the initial area elas the spinneret exit. The extrusion
velocity of the molten polymer is much lower th&e winding speed, which is between
200 and 8000 m/min. Winding speeds of around 10@timresult in amorphous

filaments with little orientation, an increase toboat 3000 m/min generates significant
molecular orientation in the amorphous filamentgjolw enhances storage stability as
well as thermal resistance and crystallizability. sheeds higher than 3500 m/min the
orienting influence of the uniaxial stress fieldeocsomes to a significant extent the
disorienting influence of the thermal relaxatiorogess. Fibres with a high degree of
crystallinity and high molecular orientation arengeated. Conventional fibres obtain a
Young's modulus between 7 and 10 GPa. High modaridshigh strength fibres can be

produced via zone drawing and zone melting, twp-gf@awing or gel spinning. Young’s
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moduli up to 39 GPa were reported as well as filwigls a modulus of 29.7 GPa and a
tensile strength of 1.7 GPa [135].
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Fig. 13: Schematic representation of the spinlinetie melt spinning process of PET fibers [136].
(Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Repuodd with permission.)

2.4 Introduction to plasma etching

2.4.1 Plasma state

Heating up a solid turns it into a liquid, thenarat gas. Further heating turns the gas into
the plasma state. Therefore, plasma is calleddtb &tate of matter. The plasma state
can be considered to be a gaseous mixture of pelsitand negatively charged particles
with approximately equal charge density. Plasmas loa created by increasing the
energy content of matter, for example by high-epeeagliation, electric fields or thermal
energy. Because plasmas lose energy to their swdirags through collision and radiation
processes, energy must supplied continuously teytsem.
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2.4.2 Plasma types

Plasmas can be divided into two broad categoriket’“and “cold” plasmas. Totally
ionized gases are termed hot plasmas or equilibplammas. The temperature of all
charged species is extremely high. In cold plasfnasequilibrium plasmas) the degrees
of ionization are small (0.1 to-B)® %) and the atomic and molecular charged and

neutral species have low energies while the elesthave relatively high energies [137].

Only cold plasmas are suitable for lab applicatibkes modification of organic matter.
Energy is provided by means of a high frequendd fieither inductively or capacitively
coupled. In capacitive coupled plasma machinesobtige two electrodes is connected to
the power supply and the other electrode is grodndéhen the upper electrode is
grounded it is called plasma etching, the other waamd it is called reactive ion etching.
The electrodes can be placed either in the plagramibser or outside. The advantage of
outside electrodes lies in the fact that they remaiaffected by erosion or deposition
during plasma reactions. Inductively coupled plasma not have electrodes. Energy is

supplied by electrical currents which are produggelectromagnetic induction.

Because there are a large variety of plasma systemssvery difficult to compare
experiments even if the starting conditions arentidal. The nature of plasmas, the
modalities of transferring electric or electromagndield intensities to the reaction
system, the geometry of reactors and the selecteerienental conditions like pressure,
power or processing gas crucially influence the gfasse and surface related chemistry

[137]. Thus, for every sample the ideal conditionsst be established.

2.4.3 Plasma processes

In a high frequency field, electrons gain energyidmization processes. Thus the plasma
gas contains atoms/molecules, free electrons argl interactions of these particles with

each other and with molecules of the sample surteae to excitation, ionization and
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dissociation processes. Many different kinds ofipias are generated, a variety of ions,
molecular fragment ions, free radicals, ablatectiel molecular fragments and photons.
Simultaneously, surface functionalities are altefeid. 14). An overview on the main

plasma polymer interaction processes and the pioetr depths of the generated

particles is given in table 2.
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Fig. 14: Schematic diagram of capacitively coupl¥g-plasma reactor. The interaction of particlestlire
plasma with the sample surface is illustrated sylinblly. Modified from [137].

Tab. 2: Plasma - polymer interaction processesvate to surface modification. Modified from [138].

Plasma Energy Main process Penetration

component depth

lons, fast neutrals | ca. 100 g\Elastic collisions: displacement2-5 nm
implantation, sputtering

ca. 10 eV | Adsorbate sputtering Monolayer

Electrons >5 eV Inelastic collisions (dissociatipfrew nanometers
ionization)

Photons >5 eV Photochemical dissociatioBpme 10 nm
lonization

Neutrals, radicals | Thermal Adsorption (chemicattems) | Top monolayers
Diffusion (chemical reactions) | Bulk
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Plasmas are widely used because of their uniquéyatn modify polymer surfaces
without affecting their bulk properties. Four majeffects on surfaces are normally
observed [139]. Depending on treatment parameters, effect may be favoured over

another but each effect is always present.

Cleaning: Molecular layers from polymers and afjanic contaminations from inorganic
surfaces can be removed. The resulting surfacesxstieemely clean which results in
enhanced bonding of plasma treated surfaces. Mist types of cleaning procedures

leave a layer of organic contamination [139].

Ablation: It is possible to clean badly contamimaturfaces, remove weak boundary
layers which are formed during the fabrication ofpart or to treat filled or
semicrystalline materials. Surface topography cangenerated because amorphous
polymer is removed many times faster than crysilipolymer or inorganic material
[139].

Crosslinking: Free radicals are created in the pelysurface which can react with other

radicals. This leads to recombination, unsaturatioanching, or crosslinking [139].

Surface chemistry modification: The surface layéraopolymer is altered to create
chemical groups. Different gases or gas mixtures umed depending on the type of
surface modification that is desired. For examplggen is used to remove organics by
oxidation and to leave oxygen species in the sarfddue to plasma treatment the
wettability of polymer surfaces can be altered adbesive properties can be improved.

In table 3 different plasma gases and their apipdica are listed [139, 140]:
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Tab. 3: Plasma gases and their applications

Plasma gas Application

Oxidizing gases (&) air, | Removal of organics by oxidation and to leave oxygjeecies
H,0, N,O) in the polymer surface

Reducing gases ¢ Replacement of F or O in surfaces, removal of dioda
mixtures of H) sensitive materials, conversion of contaminantsuo

molecular weight species that do not polymerizesedeposit
on adjacent surfaces

Noble gases (Ar, He) To generate free radicalsiifases to cause cross-linking aor
to generate active sites for further reaction
Active gases (Nb) To generate amino groups

Fluorinated gases (GF | To make the surface inert and hydrophobic
Sk and other
perfluorinated gases)

Polymerizing gases Polymerization of layers onto substrates by direct
(monomer gases for polymerization or by grafting on Ar or He pretrehfgolymer
direct polymerization, | surface

Ar or He pretreated)

Plasma etching of polymer samples involves degiadadf the chains due to ion
bombardment (physical etching) and chemical surfaeeetions due to radical reactions
(chemical modification). Both physical and chemipalcesses are always present during
plasma treatment and never isolated from each .offfe balance between the two
processes depends on the kind of plasma, plasnratmoeconditions and material of

choice.

When using plasmas for etching surfaces and geoeraf patterns, there are three
important properties to consider: uniformity, séldty and directionality of the etching
process. Uniformity describes the distribution ¢cherates across the sample surface.
Selectivity is the ratio of etch rates for two miatks (or two morphological states of the
same material) present in the same sample. Diregdiip describes the relative etch rates
in the vertical and horizontal directions. An iggic process etches at the same rate in
the vertical and horizontal direction. Directionalocesses are those that etch faster
vertically than horizontally. A perfectly anisotiopprocess etches only in the vertical
direction. Fig. 15 contains sketches of represamtgrofiles created by etches of varying

directionality. In general, ion-assisted etchingde to anisotropic etching, while etching
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mechanisms based on neutral sources (chemicalngjchisually lead to isotropic
ablation [141].

(a) Isotropic (b) Directional (c) Anisotropic

Photoresist Photoresist Photoresist

(———— G
h ] % h [ x<h h [ x=0

Substrate Substrate Substrate
Fig. 15: Possible etching profiles depending orhgtg mechanisms. a) Isotropic etching, b) direciion
etching, and c) anisotropic etching. (ReprintechirflL41], Copyright 2002 with permission from Elsaj

2.5 Fabrication of micro and nanostructures by plasa etching

In the case of semicrystalline polymers, crystallamd amorphous domains at the surface
are expected to show different response to plasesntent. Amorphous domains are
generally more susceptible to plasma etching thastalline domains and, therefore,
etching preferentially erodes the amorphous domairts leaves behind the crystalline
ones [139]. Such anisotropic etching leads to rengly of the polymer surface. It seems
to be a promising method for fabrication of nanastures on polymeric surfaces because
it is a simple, time-saving and less costly patteymprocedure that does not rely on the
use of lithographic templates or highly specializegiipment. In the following a detailed

literature overview is given about plasma structgiof polymer materials.

2.5.1 Semicrystalline polymers

PET films with a crystallinity of 50 % were struotd via sputter etching using a 13.56
MHz rf power supply [142]. Although the quality dfe SEM pictures is poor and the
resolution is quite low, nanostructures are distisigable after a plasma treatment of 5
and 20 minutes, respectively (fi6). Feature size was estimated to be 50 nm irhdept
and width. Structure formation was explained byfedldnces in the etching rates of

crystalline and amorphous regions.



2 Theorietical Background and Literature Review a7

-

" 10K ¥30000 438; . 8U CRPTLIIBRY. 44 £ U
Fig. 16: PET etched with oxygen plasma at 100 Wajds minutes and b) 2 utes. Small rels wit
a size of 50 nm were generated. (Reprinted withmpssion from [142]. Copyright 1985, American
Institute of Physics.)

Thermanox coverslips (Nalgene Nunc Internationapétville, IL) fabricated of PET

were plasma etched with a mixture of 25 % oxygesh &» % argon gas for 7.5 minutes
under a pressure of 0.013 mbar [143]. A high-freqyeoscillating power supply created
a low energy plasma in the chamber, frequency dashma power were not specified.
Then the samples were rinsed with 70 % ethanolks €iicle was repeated three times.
The surface topography was examined by SEM and AHM. untreated coverslip was
very flat (fig. 17a, c), while plasma treatmentguwoed randomly located peaks, ranging
from 12 to 170 nm in height (fig. 17b, d). Most die peaks (70-80%) were

approximately 50 nm in height.



2 Theorietical Background and Literature Review 48
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Fig. 17: Surface morphology of PET films before aftér plasma treatmenSEM micrographs of a)
untreated and b) plasma treated surfaces, and ARdiagraphs of the c) untreated and d) plasma trdate
surface. Randomly located peaks with a height afuab0 nm were generated [143]. (Reprinted with
permission from John Wiley & Sons, Inc.)

Thermanox samples were also treated with reactiwe atching using different gas
compositions (Ar, N, O, and 1:1 mixtures of these gases) [24]. The plasmaahine

operated at 30 kHz, gases were supplied to thersysith a rate of 25 sccm under 50 W
of power with a pressure of 0.18 mbar in the chamlé&as mixtures produced
topographies intermediate to those of the pure rgagphologies. While argon and
nitrogen treatment produced a polygonally pattersedace made up of many small
protrusions, oxygen etching produced a distinctibgllar structure after a time interval
of 10 minutes. The fibrils were 65 to 100 nm lomgl 20 nm in diameter. Increasing the
etching time increased fibril length up to 300 nnd alecreased fibril density (fig. 18).
Examination of very short treatment times (30 a@dséconds) revealed a polygonal
pattern displaying a relatively large cell size afout of about 200 nm in a transient
display of rimtype instabilities (fig. 18a). Addially, fine scale features in a range of 15

to 20 nm were visible. When treatment time was dased to several minutes, the
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polygonal pattern disappeared, the density of the &cale feature decreased, and

nanofibrillar peaks began to form as localized yipet instabilities (fig. 18b-d).

One minute plasma treatment led to a polygonalgpatof fine protrusions and fine scale featuresAfigr

3 minutes the polygonal pattern disappeared and fthe scale features grew. c) After 10 minutes
nanofibrils appeared. d) They increased in sizeraB0 minutes of plasma treatment. (Reprinted with
permission from [24]. Copyright 2003 American CleahSociety.)

Fibril growth was explained as follows. The unteeatPET film was a homogenous,
single-phase material (fid.9a). Plasma etching cracked molecule chains, wisishlted

in a thin film of low molecular weight fragmentsNIWF). These relatively polar LMWF
formed an unstable nonwetting liquid film on theTPBubstrate (fig. 19b). Rayleigh
instabilities then developed at two different levéDne was locally, with a size of about
20 nm, and the other at a length scale definedhéybserved polygons (fig. 19c¢). In the
final morphological stage the smaller scale indit&ds were no longer apparent and only
the rim and nanofibrillar features, which collectdte products of dewetting, were
evident (fig. 19d). However, no experimental eviceerwas provided of the growing

mechanism.
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Fig. 19: Proposed mechanism for pattern formatia: Initial flat PET surface. b) The beginning of
plasma etching led to the formation of a thin coatius film of relatively polar low molecular weight
fragments (LMWF). c) During the etching processgtarscale polygonal instabilities nucleated while
smaller scale instabilities continued to exist.la}the final morphological state smaller scale atstities
were no longer apparent, only the rim and nanofiéirifeatures were evident. (Reprinted with pernoiss
from [24]. Copyright 2003 American Chemical Sogigt

Teshima and coworkers fabricated an ultra-waterellept PET substrate by first
performing plasma etching on PET substrates ansesuient chemical vapour deposition
of organosilane precursors [144-146]. The sample®wtched for 10 min (13.56 MHz,
0.05 mbar, 100 W) with oxygen plasma. The initialface was flat (fig. 20a). After 10
min plasma treatment protrusions greater than 1dmheight could be observed (fig.
20b). The authors explained the appearance ofahestructures by a higher etching rate
in the amorphous parts compared to the crystaflises in the semicrystalline biaxial
stretched PET foil. They also noticed that the nusions were orderly formed on the
surface. The origin of this arrangement is congiddp be the orientation and sectional
crystallinity of the biaxially stretched PET sulag& [144]. It must be commented that
AFM cannot image high aspect ratio structures itaitldbecause the tip cannot enter
narrow valleys. SEM pictures are more suited fgg kind of samples.
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Fig. 20: AFM images of PET surfaces a) before apdfter plasma treatment with oxygen plasma for 10
minutes. (Reprinted with permission from [144]. @oght 2003 American Chemical Society.)

Biaxially oriented Polyethylene (PE) treated witly@n plasma at 13.56 MHz and 100 W
generated short and branched walls on the surifledls became smaller, closer, and

more contorted with increasing treatment time [33].

Superhydrophobic cellulose surface was fabricatgdokygen plasma etching and
subsequent fluorocarbon deposition [22]. Each hedki fibore consisted of several
microfibril bundles which in turn were composednaitrofibrils. These were 3 to 30 nm
in diameter and contained mostly crystalline ceBel moieties while the matrix
surrounding the microfibrils was predominantly apfwmus. According to the authors
roughness in the nanoscale was fabricated on thallyn smooth surface because the
amorphous parts were etched more strongly tharcrystalline regions. The resulting

surface exhibited nanoscale features with fibkélshape.

2.5.2 Amorphous polymers

To decrease surface reflection of Polymethylmeglatz (PMMA), the polymer was
treated with glow discharge argon oxygen plasnamessure of 5-T0mbar [28, 29, 31,
147, 148]. Thus, moth eye structures were gener@tetthe surface which served as an
antireflective layer. After 300 to 400 s, fibrillatructures with depths of about 200 to 500
nm were formed which show a homogenous distributigth uniform size (fig. 21a).
After oxygen plasma treatment the surface showedtdppilic behaviour. Subsequent
coating of the surface with organic fluorine compds achieved superhydrophobic

behaviour [29]. By transferring the technique tbestpolymers nanofibrillar structures
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on the surface of Polycarbonate, Polyamide, PETyoRdin, and Tri-acetyl cellulose
could be generated [149]. The authors proposetbtlmsving theory about nano structure
formation: Chemical modification of PMMA caused piasma emissions could play an
important role in forming a self-organized etchingask that promoted these deep
structures. To improve nanostructure generatiatifjceal etching masks were created.
Thin layers between 0.5 and 2.5 nm were deposiezldrtron beam deposition followed
by an etching step. It was found that differentlediic materials worked well as an
initial layer whereas metallic layers did not shawseful effect. The authors assumed
that the deposited material grew as a non-contisudm forming island. Another
possibility was that the continuous initial layasgersed into pieces during the plasma
treatment caused by the much higher thermal expardd the substrate compared with
that of the initial layer material. Thus, mask fation could take place when the sample
was heated by the plasma. However, both ideas cmtidbe proved up to now. AFM

images did not indicate an island growth.

Plasma etching of PMMA was also performed in dagma using 2000 W, 0.0075 mbar,
100 sccm oxygen and 10°C [150]. This treatment iggad nanostructures on the surface
with high aspect ratio topography (fig. 21b). Irsecond step, the gas chemistry was
altered into a fluorocarbon one which led to thpaddtion of a Teflon like surface layer.
Thus, surface chemistry was changed and a supefbiyolbic surface could be

fabricated.

[Prtaas structure 1 g

MMAS structure 1

pym
Figure 21: Nanostructures in PMMA after a) 3 min@fAr plasma (SEM image) (reprinted from [31]
with permission of the Optical Society of Ameridg)2 min of oxygen plasma (AFM image). (Reprinted
from [150] with permission from IOP Publishing Lxd
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Poly(tetrafluoroethylene) (PTFE) was plasma etchviti oxygen (13.56 MHz, 100W,
0.02 mbar) to analyse the wetting behaviour asnatfon of plasma treatment time [35,
36]. The resulting surface was described as spikegey the authors (fig. 22a). Another
group performed a similar treatment in a differplatsma chamber (13.56 MHz, 200W,
0.02 mbar) and generated needlelike micro strust(frg. 22b) [37, 151]. By grafting a
mixture of different polymer brushes onto the needh two-level structure was
fabricated. By exposing the surface to solventst thi@ selective to one of the
components of the brush, the surface properties (eettability, adhesion) could be
tuned reversibly. Plasma treatment of PTFE witfed#int gases was used to improve the

bonding properties. By applying argon plasma a jiom@b structure was generated, in

air plasma nanostructures described by the autrstone forest were observed, and
oxygen plasma treatment (13.56 MHz, 30-500 W, 4.8° mbar, 1-60 min) resulted in
high aspect ratio protrusions (fig. 22c) [152].
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A - / J M
e ¢ e ' =m‘ 4 M e R JE- S e q"
Fig. 22: PTFE after 10 min of oxygen plasma etchijegerated a) a sponge-like surface (Reprinted with
permission from [36]. Copyright 1989 American Cligah Society.), b)a needle-like microstructure
(Reprinted with permission from [37]. Copyright 208&erican Chemical Society.) c) PTFE after 5 min

oxygen etching at 200 W. (Reprinted from ref. [1Epyright 2000Maney Publishing

Using microfabrication methods and a two step p&astch process, nanofibrils on
platforms were generated [153-155]. First, the BEI§Bocess was applied to build 2 pm
thick and 100 to 150 um long quadratic silicon folahs. The platforms were supported
by single silicon pillars which were up to 50 pmhi@ight and down to 1 pm in diameter
(fig. 23a). Afterwards a photoresist layer (Shipley SPR-2) was coated. Placing the
sample for 5 minutes into an inductively coupleggen plasma with a power of 100 W
resulted in generation of fibrillar structures whiwere 2 pm long and about 200 nm in
diameter (fig. 23b and c). The fibrils were noteseanding but condensated. This was

probably caused by the high aspect ratio.
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The generation mechanism of the fibrils was exgdinby electrohydrodynamic
instabilities of polymer films in an electrical fieaccording to Schaffer et al. [124, 125].
The authors assumed that the electric field grad&needed the surface tension of the
polymer and created surface undulations which toamed into the fibrils. Additionally,
the oxygen plasma broke C-H bonds at the surfadeganerated dangling —OH bonds
which reduced the surface tension of the photdredibus, fibril formation was
accelerated [153]. However, a theoretical undedstanof the fibril formation process is
still lacking. Adhesion tests with fibrils coated dhe silicon platforms showed an
increase in adhesion compared to fibrils on solibssrates. However, the absolute
adhesion values are very low. Changing the filwmifeece from hydrophilic (contact angle
42.5°) to hydrophobic (145°) using a £Oblasma for 30 s, which created a fluorocarbon
coating, led to a further increase in adhesiomcé&ithe fibril size increased due to the

coating to about 350 nm, the increase in adhesauidcbe explained with a bigger

contact area.

Fig. 23: Hierarchical structure created by microfadtation methods and plasma etching: a) Silicon
platform supported by a pillar. b) and c) Nanofibrivere generated on top of the pillars using déife
plasma conditions. (a) and b) reprinted from [15%@h permission from IOP Publishing Ltd. ¢) Repeitht
from ref. [154], copyright 2006, with permissiomiin Elsevier.)

Polymer nanowires and ring patterns on the follgyiolymer films were generated by
reactive ion etching with a mixture of argon, oxygand CEk (fig. 24) [156]:
Poly(methylmethacrylate) (PMMA) , PS (polystyrene);methoxy-2-propylacetate
(SU8), polyvinylidene difluoride (PVDF), (poly(3&thylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS), polypyrroleYPRnd poly(2-methoxy-5-
(20-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PP\According to the authors, the
structures emerged only on roughened surfaces.Roirgg occured by scratching (e.g.

with a needle) or by stamping/touching a copper TdtM on a uniform PS film and then
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peeling it off. Generation of the polymer-nanowiregxplained with the Bradley-Harper
model [157]. Here, the local sputtering yield deggenn surface curvature. This leads in
uneven surfaces to larger sputtering yields atbitéeom of valleys than on top of hills
which results in a ripple topography. From surfpogrusions either polymer nano wires
or tubes are generated due to ion bombardmenteadive ion etcher. In contradiction,

at the beginning of the paper the authors show®dveafer covered completely with the

polymer nanowires but no roughening was mentioned.

F|gure 24: Polymer nanowires generated by reacmreetchmg W|th a comblnatlon of G,FOZ and Ar on
a) PMMA, b) PS, c) SUS8, and d) PVDF. ([156]. Copgiti Wiley-VCH Verlag GmbH & Co KGaA.
Reproduced with permission.)

Using CR/O, plasma nanostructures with a fibrillar shape inystgrene (PS) were
generated (13.56 MHz, 60 sccm £é&nd Q, 0.78 mbar, 50 — 300 W). Increase in
treatment time as well as increasing power incit@sght but decreased density of the

resulting structures [158].

2.5.3 Filled polymers

PDMS is an amorphous polymer, which always contsilis filler particles. Therefore,

it is classified as filled polymer.

Oxygen plasma treatment of PDMS led to wavy stmest(40-42, 159, 160]. The surface
of PDMS was oxidised and a silica-like layer wasagated. Plasma treatment increased
sample temperature. As PDMS and the silica-likeeddyave different heat expansion,
after plasma treatment the silica-like layer wasnled due to different thermal

shrinkage [42]. Plasma treatment generated wrinWligls a well-defined wave length
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which could be tuned by film thickness (dependplasma intensity and treatment time)

(see also chapter 2.2 where controlled wrinklinddscribed as patterning method).

Fluorine-based plasma treatment at a frequency 3561 MHz, however, created
nanofibrillar structures. Etching silicon elastomeith CF, or Sk plasmas generated
fibril like nanostructures on the surface (fig. 2B)5-48, 161-166]. A subsequent
treatment with Ar plasma created stable free rdglied the polymer surface which
accelerates the fluorination [163-165] but the mdnmtures obtained looked similar.

After CF, plasma treatment, the resulting nanostructurethses were antiadhesive and

superhydrophobic.

OiT= 3000  SondAs SE2
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F|g 25: PDMS surface after fluorine-based plasmeatment. a) Columnar layer after ¢F O, plasma
treatment. (Reprinted from ref. [47], copyright Z)Owith permission from Elsevier.) b) Fibril like
structures after S§ plasma treatment ([46]. Copyright Wiley-VCH Verlad@mbH & Co. KGaA.
Reproduced with permission.) c¢) Nanofibres generate 6 minutes SRreatment. (Reproduced from ref.
[162] with permission from IOP Publishing Ltd.)

Structure formation was explained by preferenttahieg of certain components of the
polymeric material in the plasma. PDMS containsanig methyl groups attached on an
inorganic siloxane backbone. These organic groupseapected to etch much more
quickly than their inorganic etch-resistant coupéets, which contribute to the formation
of non-volatile products on etched surfaces and thehave as masking materials to
etching. Those parts of the surface that are caveyenorganic polymer components are
etched much more slowly than the organic parts.sémopic etching leads to the

formation of columnar structures. Additionally, dsgion from of sputtered material

from the reactor walls cannot be excluded which roaytribute to preferential surface
etching [45, 162]. The columnar structures were aretited by silica fillers in PDMS

because the same topography was generated in PDM&ring no fillers [162]. Surface
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topography could be influenced by proper choiceatvent and subsequent spin coating.

Column spacing was varied for 50 % and rms roughfes30 % [166].

In table 4, all papers using plasma structuring amamarized. Depending on plasma
treatment conditions and polymer parameters, dffenano and microstructures were
generated. All these structured surfaces have beetied in terms of their resulting
adhesion, superhydrophobicity or antireflectingpgemies, but no attempts to study or
control the mechanisms of surface structure fownathave been made. It is not
understood how plasma and material related parasn@téluence the nanostructure

generation.



Tab. 4: Literature overview of plasma structurinfgpolymer surfaces.

Polymer Morphology Plasma conditions Structure Reference
Gas Frequency [PressurgBias [Power [Time
\voltage
[mbar] |[V] [W] |[min]
PET Crystalline (50%) Oxygen 13.56 MHz 0.04 200 200/5-20 Grains, 50 nm in height and width [142]
PET Crystalline (50%) Argon 13.56 MHz 0.04 200 200 [5-20 Grains, 50 nm in height and width [142]
PET (Thermanox)| Crystalline 25%, 5% Arfhigh 0.013 7.5 Peaks 50 nm in height [143]
frequency

PET (Thermanox)| Crystalline Oxygen 30 kHz 0.18 50 [0.17 -0 | Fibrils, 65-100 nm length, 20 nm diamet24]

(after 10 min)
PET Crystalline Argon, nitrogen 30 kHz 0.18 50 0-130 | Protrusions, diameter 10-20 nm and [24]

20-40 nm, respectively, after 10 min
PET Crystalline oxygen 13.56 MHz 0.05 100 10 Rrsitins, height greater than 10 nm [144-146]
PMMA Amorphous Ar+Q DC 10" 70-150 3.3 —6.6 | Fibrils [28, 29, 147

167]

Polycarbonate  |Crystalline Ar+Q DC ~10*  [|70-150 Fibrils [31, 168]
Makrolon)
Tri-acetyl Crystalline Ar+Q DC ~10*  [70-150 Fibrils [31, 168]
Cellulose
Polyamide Crystalline Ar+Q DC ~10*  [70-150 Fibrils [31, 168]
(Trogamid)
PET (Teonex) Crystalline Ar +0 DC ~10*  [|70-150 Fibrils [31, 168]
Cycloolefine Amorphous Ar + O, DC ~10*  [70-150 Fibrils [31, 168]
(Zeonex)
PDMS Amorphous, filled Oxygen 13.56 MHE 0.013 40010.5-10 |[Wavy structures, amplitude and periodidgi#0, 41, 159

50-300 nm 160]
PDMS Amorphous, unfilled 4Sk; 13.56 MHz | 0.013 | -100 | 1900 | 1-15 Columnar-like dinoes, length: few [162]

filled with silica hundred nm - 6 um
particles




PDMS Amorphous, filled withCF;+ O, 13.56 MHz | 0.2 150 60 Fibrils; height 1,8 um, ager diameter |[48]
silica particles 235 nm
PDMS Amorphous, filled withCF, (subsequenfl3.56 MHz | 0.026 200 Columnar-like micro structure [165]
silica particles Ar plasma)
PDMS Amorphous, filled withCF, (subsequenfl3.56 MHz | 0.052 150 Submicron features [164]
silica particles Ar plasma)
PDMS Amorphous, filled withHOxygen Wavy structures, wavelength between [[42, 43]
silica particles several 100 nm and 1 um
PMMA Amorphous Oxygen 13.56 MHz [ 0.0075 | -100 | 2000 | 1-5 Nano-needles (1 AR pyramid-like |[150]
structures (2 and 5 min)
Cellulose Crystalline Oxygen 13.56 MHz [ 0.13 150 30 nm scaled features withlfilke shape [22]
PTFE Amorphous Oxygen 13.56 MHz | 0.02 100 1-15 Spongelike structures 5, B5]
PTFE Amorphous Oxygen 13.56 MHz | 0.02 [ 1000(200 10 Needles, diametetpm, more than 5 um [37]
PE Crystalline Argon 13.56 MHz 100 0-240| Stantl branched walls [33]
PS Amorphous CHO, 13.56 MHz | 0.08 50-30Q 0.5-20| Nanotexture, agr treatment times  [[158]
fibrillar shape
Shipley SPR 220-Amorphous Oxygen 13.56 MHz 100 5 Organic nanorods, fibrils diam&@0 nm, [[153-155]
length 2 um
PMMA, SU8, PS, Mixture of 13.5 MHz [0.013 100 Nano wires and nano tubes, [156]
PEDOT, PPY, Argon, Oxygen diameter 400 nm, length: 2 um
PVDF, MEH-PPV and Ci
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2.6 Surface wettability

When a drop of liquid is placed on a solid surfag#er it remains as a drop of finite

area or it spreads indefinitely over the surfacke Tontact angle depends on several
factors like surface energy, roughness, the maoheurface preparation, and surface
cleanness. On a flat and smooth solid surface thaliium angle of contacte is

determined by the Young equation [169]:
ysv - ysl = ylv COSHe (4)

Here ys,, ys andy,y are the interfacial free energies per unit areatte solid-vapour,

solid-liquid and liquid-vapour interfaces (fig. 26)

- >

T st
Fig. 26: A drop of liquid on a solid surface proegithree different interfacial free energies peit anea
for the solid-vapour (sv), solid-liquid (sl) andjliid-vapour (lv) interfaces.

On rough surfaces, the liquid can either fill up tirooves or drops settle on the peaks of
the roughness geometry leaving unfilled groovesWanzel's approach of a wetted

contact the apparent contact angles given by

cosg" =rcosh, (5)

where r is the ratio of the true area of liquidida@ontact to the projected area ahds
the equilibrium contact angle of the liquid drop e flat surface [170]. According to
Wenzel's equation, surface roughness further deesethe contact angle if the contact

angle is < 90°, whereas contact angle further aszs iff.> 90°.
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If drops settle on the peaks of the roughness geger is trapped into the grooves
under the droplet. Here, the droplet is in contéith a composite surface (solid and air),
which is attributed to the Cassie-Baxter model [17lhe apparent contact angl€® can
be calculated as:

cosg®® = ¢_cosd, + ¢, cosb,. (6)

air
By considering the air area fraction@g = 1 —¢s, fair = 7, and assuming that the water
contact angle of the solid fractiofls, corresponds to that of the flat surfaég, the

equation can written as:
cosd® = ¢_cosf, —(1-¢.) (7)

with ¢ is the area fraction of the liquid-solid conteébr water, a wettable surfacé €
90°) may also be termed hydrophilic and a non-veéttaurface hydrophobi@{> 90°).
A combination of hydrophilicity and surface rougksecan lead to superhydrophobic
surfaces with contact angles greater than 150°e,Heater droplets show almost no

contact to the surface.

Besides the water contact angle the water contagieénysteresis has to be considered.
The water contact angle hysteresis is defined adifference between the advancing
contact angle (while a droplet is increasing itduate) and the receding contact angle
(droplet is decreasing its volume) measured in @adyc mode on a horizontal plane.

Differences originate by the presence of surfacgioess or chemical inhomogeneities
which induce fluctuations in surface tension [169.drop on a tilted plane exhibits a

larger contact angle at the front than at the r&aont and rear contact angles are
generally considered equal to the advancing aneldreg contact angles. The difference
generates a force opposing the weight of the dfdpe drop is small enough this force

will be able to balance it. The drop will stick tiee surface if the water contact angle
hysteresis is high while a drop can slip down tindage when it is low. Since hysteresis

originates from defects, a high water contact amyigteresis is expected for all rough
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surfaces. A completely wetted rough surface (Weszgbproach) shows a high water
contact angle hysteresis because the surface siacact as obstacles to water motion
and make drops stable on the surface. If the sarim@artial wetted (Cassie-Baxter’s
approach) water drops touch only the top surfaak therefore, the structures cannot
hinder water motion. The lower the contact with sueface ¢s), the lower is the water

contact angle hysteresis and the less stable idrdpeand it can move over the surface.

This is sometimes referred to as the “lotus eff¢e6].

2.7 Adhesion

Adhesion is an attraction between two substancashwhfter they have been brought
together, requires work to be done to separate {i€@]. Different attractive forces are
responsible for adhesion, e.g. van-der-Waals foreksctrostatic forces, and capillary
forces.

Van-der-Waals forces are caused by fluctuationshafge density in the electron shell.
Instantaneous dipole moments cause dipole momentseighbouring atoms, which
interact with each other and lead to attractiorcder Van-der-Waals forces occur in all
atoms and molecules and thus, between all macrizsdmulies. The van-der-Waals

energy Eqw between to atoms is

Eygy 0d° (8)

where d is the distance of the atoms [173]. Bygrdagon of all interactions between
atoms in a macroscopic body, the van-der-Waalsggristween two macroscopic bodies

can be calculated. The van-der-Waals force betwekgt surface and a sphere is given
by:



2 Theorietical Background and Literature Review 63

[
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with radius R of the sphere, Hamaker constant ld,distance d between flat surface and
sphere. The Hamaker constant reflects the stremigthe van-der-Waals interaction for
two bodies in a third medium at a temperature hefyative Hamaker constant means a

repulsive van-der-Waals force.

Electrostatic forces are caused by charges. ItHages have the same sign, the forces
are repulsive, and attractive if the charges héde dpposite sign. The force of two

spherical chargeg; andg, at a distance d is defined as:

0, [
FeI=k|;2 2|

(10)

where k is an experimentally determined constaliéad&oulomb constant [174].

Capillary forces appear only when a liquid phaspresent (fig. 27). This liquid phase
can be water or an organic liquid. The liquid skloukt the surfaces and be present at the
contact area of the two contacting bodies. Duéé¢olLiaplace pressure of curved menisci
between and around two adhering surfaces, capilfarges emerge. The Laplace

pressure inside a liquid is given by:

o=y, [rl ‘ ij (11)

1 r2

where y, is the liquid-vapour surface tensiorry; and r, are the principal
radii of surface curvature of the meniscus (fig). Zehe capillary force between a flat
surface and a sphere can be calculated using folpwimplification, r; << r,, and
contact angle on both bodies is similés € 6, = 0), and simple geometrical correlations
[175]:
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Feap = 47RY,, cosd

Fig. 27: Schematic capillary bridge between flatfaoe and sphere.

(12)
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3. Aims and Objectives

This work focused on the understanding of fibriimh@tion at the surface of PET samples
upon oxidative plasma treatment. A detailed scregof plasma and material related
parameters influencing the formation and dimensadribe fibrils was performed in

order to clarify the potential of plasmas for cofitd patterning of surfaces. The
properties of the resulting surfaces in terms ataslity, adhesion and friction were also

characterized. The particular objectives of thekwoere:

- Identification of plasma experimental conditions dbtaining freestanding
fibrillar structures in PET films

- Systematic variation of the experimental parameteasder to control fibril
density, diameter and length. For this purposeythe of process gas, gas
pressure, power, plasma treatment time and sampleerature were varied.

- Analysis of the influence of processing conditiolusing film preparation
(thermal and mechanical treatment) in the polymierastructure and correlation
with the observed topography after plasma treatntestablishment of the
relationship between observed topography and uyidgrimicrostructure.

- Elucidation of the mechanism of fibril formatiom: what extent is differential
etching of domains with different order responsiolethe fibrils?

- Analysis of other polymers under similar plasmaditans to clarify the
flexibility of the plasma treatment for patterniather materials.

- Study of the surface properties: wettability, adtvesnd friction.
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4. Experimental methods

4.1 Materials

The following polymer samples were used in thiskvor

Tab. 5: Polymer samples

Polymer Trade name Company Shape Thickness
Thermanox Nunc Film 200 pm
Hostaphan RN 350 Mitsubishi Film 350 um
tpia?géﬁmgllg?ee), PET Mylar A DuPont F.ilm 190 pm
Goodfellow Film 350 um
Goodfellow Fibre 100 pm
Polysciences| Granulatg
Eggﬁﬁ:gé{ '?er;(,aPEN Goodfellow Film 25 um
E?grggmg?gfg)?PBT Goodfellow Film 300 pm
Poly(tetrafluoro Teflon FEP Du Pont Film 80 um
ethylene), PTFE | Teflon PFA Du Pont Film 80 um
Polyethylene, PE UHMW PE Goodfellow Film 200 pm
Polystyrene, PS Goodfellow Film 250 um
Poly(methyl
methacrylate), Goodfellow Film 50 um
PMMA

Perfluorodecyltrichlorosilane was purchased fromCRBGmbH & Co. KG (Karlsruhe,

Germany). Lithographic SU-8 patterned wafers werevided by L. Boesel and D.
Drotlef (MPI for Metals Research, Stuttgart). Sytyd 84 prepolymer and crosslinker
were purchased from Dow Corning (MI, USA). EpoFix Mas provided by Struers

(Willich, Germany). N-propylamine was purchasedraldrich.
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4.2 Equipment

Compression moulding was performed using a Collesp or a manual lab press PW 10
H (P/O/Weber, Remshalden, Germany). Hot embossig performed on a Préazitherm
PZ 20 ET precision hot stage (Gestigkeit, Dusséldéermany) with a 350°C + 1°C

temperature range.

Thermal analysis of the films was performed by &#intial Scanning Calometry using a
DSC 822 (Mettler Toledo). Quantitative analysistioé recorded data was carried out
with the software Leica QWin V3.

Uniaxial tensile tests were performed with a horodtliensile device at Instituto de
Ciencia y Tecnologia de Polimeros (Madrid, Spal?p]. Wide-angle X-ray diffraction
(WAXS) of the oriented fibers was performed witlsi@mens flat-plate camera attached
to a Phillips 2 kW tube x-ray generator using nidieered Cu-Ko radiation. The
orientation of the polymer chains in the uniaxiaéhed samples was analyzed with the

software fit 2D.

Plasma experiments were performed with a Plasmaatet Statuo 10 USB (plasma
technology GmbH, Rottenburg, Germany). The charseigon of the surface

topography was performed using a Hitachi S-480@ EO 1530 VP (Zeiss) Scanning
Electron Microscope. Samples were sputter-coatet gold-palladium using a BAL-

TEC, SCD 500 Sputter Coater or carbon coated wiEDM)10, Balzers Union. White

light interferometry was carried out with ZYGOLOTel View 5000. Transmission

Electron Microscopy (TEM) characterisation was perfed with a Joel 4000 EX. Cross
sections for TEM analysis were cut with a Leica ENL6 Ultramicrotome (Wetzlar,

Germany) using an oscillating knife ultrasonic &8 Diatome AG (Biel, Switzerland).

A surface profilometer Dektak 8 (Veeco Instrume@BtabH, Mannheim, Germany) was
used for measuring the surface roughnessWeight of the films was determined with
the balance XP205 DeltaRange from Mettler Toledmt&ct angles of polymer films to
water were measured with a Kruess Instrument, mb8&10-Mk2.
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For adhesion measurements a home-built indentapparatus was used consisting of a
piezoelectric crystal (P-611 NanoCube, Physik tmagnte, Karlsruhe, Germany), a
hexapod nanopositioning stage (F-206, Physik Ingnte, Karlsruhe, Germany), and a
laser interferometer (SP 120, SIOS, limenau, GeynHrl7, 177]. Data were collected

with a Labview software package.

4.3 Preparation of polymer samples

4.3.1. PET films by compression moulding

PET films with controlled thermal histories wereepared by compression moulding at
270°C and 1 kN from granulate using a manual ladsgr The granulate was melted
between Teflon sheets and the melt film was left kN for 3 minutes. Amorphous films
were prepared by quenching the molten film in ic&tesr. Semicrystalline films were
obtained by slowly cooling the melt at 10°C/minvoe¢n the plates of the press at
pressure between 0.5 and 1 kN. Film thickness w#sei range of 100 to 250 pum.

PET films for uniaxial stretching were obtaineddpmpression moulding PET granulate
in a hydraulic press. The granulate was first ndetie the hot plate at 270°C and then a
pressure of 2PN was applied for 1 minute. An intermediate polydmifim between
the metallic plates of the press and the PET mad#t wsed to avoid sticking of the melt to
the metal plates. Amorphous PET films were obtaitgd placing the polyimide-
sandwiched PET melt between water-cooled platesnmgressure of 2-48.

4.3.2 Gold-masked PET micropatterns

Thermanox films were covered by TEM copper gridg aputter coated with 20 nm
AuPd (fig. 28a). The gold patterned sample wasnpdaseated and subsequently sputter
coated with 5 nm AuPd. Small pieces with triangudaape were cut (fig. 28b) and

embedded into epofix resin for ultramicrotomy aadoon coated for SEM imaging.
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; Il b

PET

TEM grid

Fig. 28: a) Micro patterning of PET surface via $jgn coating using TEM grids as mask. b) Cutting
samples with triangular shape containing the patest surface.

4.3.3 Microstructured PET films by soft moulding

Lithographic wafers containing holes of diameteeateen 2 and 50 mm and heights of
5, 10, and 20 mm were cast with a 10:1 ratio ofy&iatethylsiloxane Sylgard 184
prepolymer (PDMS) and crosslinker after degassiig]. The PDMS was cured during
14 h at 65°C in a vacuum oven (200 mbar) and pesfeffom the wafer carefully. A
PDMS stamp containing holes of defined dimensiolas wbtained and used for soft-
moulding PET films.

PET granulate was melted on a hot plate at 270%aatempered PDMS stamp was
carefully pressed against it. The stamp was ldivéen 3 and 30 minutes on the PET in
order to allow mould filling without further presgu Then the sample was cooled to
room temperature and the PDMS stamp was carefaliyep off from the PET film. The
dimensions (diameter and height) of the PET midiamsi and the homogeneity of the
pillar pattern were checked by white light intedieretry.

4.3.4 Chemically etched PET

Thermanox samples were chemical etched by platiaggample in a Petri dish with n-
propylamine at room temperature for 1 to 24 hoWi&8]. After etching the sample was

rinsed with fresh n-propylamine and with water.



4 Experimental methods 71

4.3.5 Uniaxial stretching of PET samples

Samples for uniaxial tensile tests were cut reatirgwidth 3.43 or 6.43 mm, length 50
mm) or waisted (width 4.0 mm, length 50 mm) usinguting die. Samples were
stretched either directly or after annealing. Roetshing, the samples were fixed with
clamps at the tensile tester (fig. 29). The distanetween the clamps was adjusted to 10
mm. Tensile tests were performed at 100°C withtdtieg rates between 2 — 30
mm/min. Samples which broke at the beginning of tbst were discarded. After
stretching, samples were removed from the devidkinvbne minute except those that
recieved a post-stretching annealing at 100°C.

Sample

SeTiafonsiix

VLT .
Fig. 29: Home-built uniaxial tensile tester. Reaatar sample is clamped at the ends with a distarced
mm between the clamps. A ventilator cares for amifoeat distribution during the tensile test.

The degree of orientation was determined from Xeggeriments (WAXS) as explained
in section 4.7.2. Table 6 resumes the experimepgabmeters of the tensile test
performed for the three selected samples discussdallowing sections. The optical
appearance, shape, width and lengtbflthe samples prior to stretching, as well as the

stretching rate v, elongation after stretchingnd annealing time at 100°Gtare listed.
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Tab. 6: Experimental details of uniaxial tensilstte

Sample| Appearance Shape Width | 1o v € tann
[mm] | [mm] | [mm/min] | [%] | [min]

1 transparent| rectangula6.43 | 10 30 402 no

2 transparent| rectangulaB.43 | 10 10 400 75

3 white waisted 4.0 30 6 24ho

4.3.6 Perfluorinated PET

The surface of PET films was perfluorinated by phase silanisation using
1H,1H,2H,2H-perfluorodecyltricholorosilane in anaevated desiccator for 2 hours.
Subsequently, the films were placed in an oven58C7for 1 day under vacuum for
improving the stability of the coating.

4.4 Plasma treatment

Fig. 30: Plasma chamber Plasma Activate Statuo BB Plasma Technology).

The plasma equipmerlasma Activate Statuo 10 US8 a low pressure capacitively
coupled plasma reactor operating at 24 kHz, presbetween 0.05 and 1 mbar, and
power between 10 and 100 W (fig. 30). The plashaaber was initially connected to a
vacuum pump 2Z-12 (Qianjing World, Wenling city, iGd) (free air displacement 4.55
I/s, ultimate vacuum 0.016 mbar) and later to a Biybfrom Pfeifer (Berlin, Germany)

with higher performance. The etch gas is injectethe chamber regulated with a mass
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flow controller (Igflow, Bronkhorst High-Tech BV, AK Ruurlo, Netherlds). The

electrode was a perforated aluminium foil and weshanged for some experiments by a
temperature-controlled electrode. This consisted dbllow metallic plate where tubes
go through. The tubes are filled with silicon ofldaconnected to an external cooling

thermostat that allows working at temperatures betw-10°C and 80°C.

The chamber was connected to a computer that allelestion of the plasma conditions
(pressure, power, and time) before the experim@nte the sample (size was typically
22x20 mm) was placed on the electrode, the chamberewasuated and the operator
initialized the plasma when the desired vacuumbdess reached. During the experiment,
the real-time profiles of the pressure in the plaschamber and temperature at the

electrode were monitored.

In order to check the homogeneity of the plasmatitment across the whole electrode, we
analyzed the surface structure of samples placetiffatent sites of the electrode. No
significant difference in the surface structureswatected. Therefore, the samples were

randomly positioned on the electrode in the follogvexperiments.

For the characterisation of weight variations aft@sma treatment, squares with an area
of 4 cnf were cut from compression moulded amorphous amicsgstalline PET films.
The sample was weighted before and immediatelyr dfte plasma treatment with a

micro balance.

Plasma etching was also performed for polymer fillhad were tilted at 30°, 45°, and 60°

with respect to the electrode by placing the sarapla metallic block (fig. 31).

O,-plasma

ey

i PET film

Fig. 31: Plasma treatment of tilted samples. PHM fivas fixed to a pyramidal metal block placed loa t
electrode.
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4.5 Preparation of samples for electron microscopy

4.5.1 Cutting thin PET slices via ultramicrotomy

A triangular shaped piece of the PET sample waseendd into an epoxy matrix, and
then trimmed to generate a pyramidal block (figa)32Z'he block was clamped in the
ultramicrotome and thin slices were cut with anilizng knife with 0.6 mm/s (fig.
32b). Slices with a thickness of 70 — 100 nm wdrmined. They were connected at one
point forming a band that slipped into a water bashich was attached behind the
diamond knife. Then the slices were caught fromwheer bath using a TEM copper grid
(fig. 32c).

ﬂ QP A Sample Segmental arch //
VASIAY KM - ! i
\ ,—Kmfe B Specimen
¢ ’\> holder holder s
i [. i
Fig. 32: Sample preparation for TEM: a) Trimmingtbé embedded sample to form a pyramidal tip shape.

b) Cutting of thin slices with ultramicrotomy. dahsfer of the sections from the water bath to #Tdgid.
(Reprinted from ref. [179] with permission from Chlanser Verlag.)

UL

4.5.2 Preparation of samples for SEM

Plasma treated films were placed on SEM pin stémmar( scientific, Essex, GB) and
sputter-coated with a 5 nm thick layer of AuPd @agbon layer.
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4.5.3 Preparation samples for TEM

Cross sections of PET films obtained by ultramiocnoy were placed on copper grids. To
enhance contrast between PET and embedding resie samples were coated with
AuPd prior to embedding. Some embedded and trimesssdples were stained with

ruthenium tetraoxide vapour (Rydor 17 hours at room temperature.

4.6 Topographical characterisation

SEM analysis was performed at 10 keV acceleratimitpge. To obtain a better three
dimensional impression of the features plain viewell as tilted view (30° or 45°) of
every sample was taken. Different images were takethe same samples to check the
homogeneity of the surface structures. Samplesacong tilted nano fibrils were
analysed under 40° tilt angle. In this case, netdbmplete area but only the ridge of the

sample was investigated to reveal the tilt angldefstructures.

Selected SEM pictures were analysed quantitatitelgetermine fibril diameter, fibril
length, interfibril distance, fibril or fibril burld density and size. Fibril diameter was
estimated from tilted SEM pictures. Measurementsevperformed in the middle of 20
isolated fibrils. The distance between single fror fibril bundles was measured
manually in at least 20 neighbouring fibrils (randcselection). Fibril length was
measured from SEM pictures of cross sections. Terane the area percentage of
fibrils or fibril bundles, black and white image®re prepared manually for four different
areas ¥ 0.6 unf). These images were analysed with the softwareaL@Win V3. The
number of fibrils or fibril bundles were counted maally. Fibril or fibril bundle size was
measured manually in at least 20 neighbouring I&§bor fibril bundles (random

selection).
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4.7 Characterisation of polymer morphology

4.7.1 Crystallinity

DSC measurements were performed at a scanningfra@K/min (fig. 33). The melting
enthalpyAh™ was determined by integration of the melting ehdoh around 250°C. In
case of cold crystallinisation of amorphous samfileamelting enthalpy is the sum of the
enthalpies of cold crystallinisation and the megltendotherm. The degree of crystallinity

of the PET samplesy. was calculated using

AR
W, = (13)
AR

and using literature values for the melting emgfiadf 100 % crystalline PET sample
(4hy' =1256 J/g) [180]. Crystallinity of the other polymer sples was calculated

similarly. The following literature values for mielg enthalpy of 100 % crystalline

samples were used:

PEN: 4n" = 103J/g [181]
PBT:4h" = 140J/g [7]
UHMW PE: Zh!" = 295 J/g [182]

PTFE: 4h!" = 586 J/g [180].
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2.5

1st melt

1 —— 2nd melt

Heat flow [W/Q]
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Fig. 33: Melting curve of an amorphous laboratorgae PET film (black) and melting curve of the same
sample after cooling at 20 °C/min. Both ramps wene at 20°C/min. In the first melt, glass transitio
temperature Jis around 75°C, cold crystallinisation occurs diaut 150°C and melting is observed at

about 250°C.

4.7.2 Orientation

The degree of orientation of uniaxially stretchadhples was investigated by wide-angle
x-ray diffraction (WAXS). Measurements were perfednat the middle part of the
stretched sample. WAXS diffractograms of non-oeenamorphous and semicrystalline
PET films (annealed 16 hours at 150°C) were fiestorded for comparison. WAXS
diffractograms of uniaxially stretched samples &makially oriented Thermanox were

then obtained. The equipment was calibrated udimgiaum foil as standard.

The average degree of orientation of the polymarmshin uniaxial stretched samples can
be expressed by Hermans’ orientation function €deined by azimuthal integration of

the x-ray diffractograms [183, 184]:
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(3<cos2 a> - 1)

(R) B T— (14)

a is the azimuthal angle in relation to the merigia® the stretching direction. <éos>

can be determined from the intensity distributiger), as follows [183, 184]:

| (a)cos’ alsinalda

oy

<cos2 a> = (15)

| (a)sinalda

oy

A perfectly uniaxially oriented sample in stretahimlirection will have P = 1, a
completely isotropic sample hags £ 0, and P = - 0,5 for a perfectly oriented sample

perpendicular to stretching direction.

4.8 Water contact angle

A 10 pL water droplet was deposited on the sample surfisogy a microsyringe. The
drop-surface contact line was visualized with a @arand the water contact angle at the
water-air surface contact point was measured Wwighsbftware Drop Shape Analysis. On
samples treated for longer than 10 minutes the rdateplet rolled off the surface and
contact angle could not be measured as describédo$e cases a hanging drop from the
syringe was carefully approached to the surface contact was made. Then the syringe

was removed. For each sample a minimum of 6 measums were performed.
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4.9 Characterisation of adhesion and friction propdies

Load-displacement curves were obtained with a hboik-indentation apparatus (fig.
34) [177]. A sapphire sphere with a diameter ofrd mas glued to the free end of a glass
spring which is mounted on a piezoelectric cryséamld coupled to a hexapod
nanopositioning stage. The sample was placed uhdesphere, and then the sphere was
pressed with a defined preload onto the sampleseirfThe sphere was retracted at a
constant rate of 2 pum/s until pull-off occurred. eTkeflection of the spring was
monitored using a laser interferometer and condenm#o force (spring constant was
308,670 N/m). Before each test the sapphire sphasecleaned with high purity ethanol.
All measurements were performed at 24°C and 22 %idity. From the load-
displacement curves, the force at the pull-off ¢wsas taken as measurement for the
adhesion force. Adhesion measurements were pertbomenanostructured films and flat

controls.

D'—ai

Spring

Sapphire sphere, D=5 mm
Structured surface " O

I Piezo

Fig. 34: Home-built indentation apparatus for adisesmeasurements. Courtesy of C. Greiner.

Macroscale friction measurements were performedguaislide equipment consisting of
a board with adaptable angle to the horizontal ™ddwean electric motor (fig. 35). The
films were cut into 1 cfpieces and fixed to a cubic piece of wood (weighitg) with a
double sided adhesive tape. In order to avoid effgets, the edges of the piece of wood
were rounded, thus the foil also exhibits a lightvature. As counter surface, polymer
plates with known roughness or a glass slide wewdfto the movable board. These

were positive replicas in epoxy resin (Spurr) atedi by casting negative replicas of sand
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paper made of dental wax and had an average rosglasegiven in table 7 [185]. SEM
images of selected sand papers are shown in fRfure

Movable board Scale

Motor

L

) EEE

U O
Fig. 35: Slide with a movable board on which thenpées were fixed for friction measurements. Coyrtes
of R. Berthe [186].

Fig. 36: SEM pictures of selected sand paper a)P{®iruers, Copenhagen, Denmark), b) 12, and c) 0.3

(Buehler GmbH, Dusseldorf, Germany). Courtesy dfiiBsch.

During the measurement, the angle of the slide wasased at a speed ©f2° per

second until the sample started sliding. For eaampte, the sliding angle was
determined 10 times. Measurements were performeal temperature of 24°C and a
humidity of 49 %. For the measurement, plasma déreathermanox samples under

following conditions were used: 20 min oxygen plasi00 W, 0.1 mbar.

Tab. 7: Roughness of glass and Spurr substrates
Sample R [um]

Glass 0.0014 + 0.0001
Spurr flat 0.033 + 0.003
Spurr 0.3 0.083 + 0.003

Spurr 1 0.32 +£0.01
Spurr 3 0.99 + 0.04
Spurr 9 212 +0.11

Spurr 12 252 +0.14
Spurr P220| 8.89+1.31
Spurr P100 | 13.94 £2.15
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Friction experiments were also performed with filpwssessing tilted nanofibrils with
fibrils forming 30° and 45° to the substrate (treant conditions were 20 min oxygen
plasma, 100 W, 0.1 mbar). Measurements were peeirim the tilting direction (fig.

37a) and in the opposite direction (fig. 37b). RReghicular fibres and the flat sample

were tested in random directions for comparison.

gy, W

Fig. 37: Friction measurements were performed irthe) direction of the fibrils or b) against the eation
of the fibrils.
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5. Results

5.1 RIE Chamber and Process

The RIE chamber used for these studies containegpowered electrodes with grounded
chamber walls (fig. 38). The sample was placecheridwer electrode. When the plasma
was started, a sheath was formed between the lagknp and the materials surface due
to the negative voltage on the electrode wherestmaple was positioned. The bias
voltage depends on the gas pressure in the chathbapplied power and the size of the
electrodes and, under RIE conditions, it droppédedn across this sheath. Positive ions
entering the sheath will be accelerated towards#meple. The thickness of the sheath is
less than the mean free path of the ions. Thergfoost ions do not experience collisions
in the sheath and impact the surface at normadlé@mgie. This energetic ion bombardment

is expected to enhance etch rate and create dinatity in the etching process.

Gas in

rf

Plasma glow j

[— Showerhead

= Wafer

—Ill I Ilr

Gas out s Gias out

Fig. 38: Schematic of plasma chamber. (Reprinteinfi141], copyright 2002, with permission from
Elsevier.)

The chamber allows monitoring of the pressure exdhamber and the temperature at the
electrode during the plasma experiment. Figure S®aws a representative pressure
profile. Significant variations of the pressureidgrthe experiment were observed. Each
injection of the etching gas could be detectedhengressure curve as a temporal increase
of the total pressure (up to 0.25 mbar) that reglebout one minute to go back to the
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desired value (in general 0.1 mbar). The time watebetween subsequent injections was
not constant and varied between the experiment€eShe pressure of the etching gas
could be a relevant parameter for the plasma teatr(see section 5.2.2), attempts to
improve the pressure control were performed. Byneating the plasma chamber to a
pump with higher performance, a different pressudile was observed (fig. 39b). The
pressure jumps after injection were less intensktlh@y were compensated by the pump
within 15-20 seconds. This resulted in a lower ager pressure and more frequent
injections as compared to the other pump.

0.30 0.30
—— Pump 1 a

—— Pump 2 b

0.25 4 025
0.20 4 0.204 |
0.15 0.15
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i bt
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\ | \
0.10 0.10 4 | \

0.0

Pressure [mbar]
Pressure [mbar]

T T 005 T T
0 2 4 5 5 10 0 & 4 6 ] 10

Plasma treatment time [min] Plasma treatment time [min]

Temperature increase [°C]

] 2 4 6 8 10

Plasma treatment time [min]
Fig. 39: a) and b) Pressure profile during oxygelagma treatment using two different pumps. c)
Corresponding electrode temperature profiles. Plagrarameters were 100 W and 0.1 mbar.

Figure 39c shows the temperature profile at thetelde corresponding to the pressure
profiles in figures 39a and b. The temperature s&tw rapid increase during the
experiment that can be associated to the intemsbambardment. When using the pump

with the higher performance, the temperature irgaa significantly decelerated after 4
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to 5 minutes of experiment. The temperature prafieresponding to the pump with
lower performance shows an irregular behaviourh witernating intervals of increasing
and constant temperature that correlate with tlessure jumps reflected in figure 39a.
When the chamber operated at higher pressures déeg. large injections), the electrode
temperature remained constant or even decreaseehn Yk chamber operated at lower
pressures (between 0.1 and 0.17 mbar) the electesdperature increased with time.

The overall temperature increase during the expmerimvas higher than with the high
performance pump.

In order to improve the temperature control, thginal electrode of the plasma chamber
was exchanged by a metallic plate connected t@kbngpheating thermostat that pumped
tempered silicone oil inside the sample stage dialed experimentation at fixed
temperatures between -10°C and 80°C (see figuréod@chematic of sample stage).
Before starting the experiment, the tempered o# &howed to circulate through the
sample stage for thermal stabilization. It was olese that the temperature measured at
the sample stage (via an integrated thermocoupéeemreached the programmed
temperature, even after long stabilization timdser&fore, the experiments were started
when the thermocouple showed a stable temperatuee tme, even if this was
higher/lower than expected.

a 16 cm 2
6 cm
-,
Cooling
I stage
10 em | > Tube filled with
P circulating silicon oil
X
Thermocouple Optimal ]
cooling region

Fig. 40: Schematic of the temperature controllegicebde (cooling stage). The optimal cooling region
where the samples were placed during the expersneninarked.

Figure 41 shows the temperature profile during d@rpents with programmed
temperatures between -10°C and 80°C. A temperatarease of 10-20°C was observed

after 10 minutes plasma treatment. The temperatorease was faster during the first 3
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to 4 minutes, decelerated for longer treatmentgianed reached a plateau value after ca.
5 minutes. Experiments with no temperature constodwed also a fast temperature
increase at the beginning of the experiment anty@ficant deceleration after 3 to 4
minutes, but temperature continued to increasenduthe whole experiment and a

plateau value was not achieved (inset fig. 41).
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Fig. 41: Temperature variation at the electroderidg oxygen plasma treatment with and without
external temperature control. Plasma treatment wasformed at 0.1 mbar and 100 W. Note that the
measuring range of the thermocouple was betweean°200°C and, therefore, the curve corresponding
to the experiment at -10°C can only be taken agative below 0°C. Inset shows temperature variatib
longer treatment times without temperature control.

It is important to note that the temperature mesury the thermocouple may differ
from the real temperature at the sample surfacagltine experiment, since the chemical
and physical processes occurring during plasmé#ntieset may provide further heating. In
view of these effects, an upgrading of our machméncorporate a thermocouple that
allows separated measurements at different siteshes crucial and was planned but
could not be performed within the time framework tbis thesis. The polyester-
polyurethane tubes required to circulate the giliod inside the sample stage had severe

leaking after being used for a short plasma tinrtesygmably because of degradation



5 Results 87

under the used RIE conditions. Unfortunately, tesigh of the chamber did not allow
changing the tubing or installation of a tempemtcontrolled stage and, therefore, most
experiments in this thesis were performed withaaliog/heating the sample. In order to
avoid continuous increase of the temperature in ¢hamber during a series of
experiments, the chamber was left open to cool dafter each treatment so that all

experiments started at similar temperature.

Figure 42 shows the surface structures observeauin initial experiments using
commercial PET films (Thermanox) and plasma coadgicomparable to those reported
in the literature (fig. 42a, b). For comparisong tthat surface structure of untreated
Thermanox films is also shown (fig. 42c). A nandflar topography with fibrils of
different lengths was observed after plasma tremtmeong fibrils seemed to be
mechanically unstable and collapse. A close siityldretween the obtained and the
previously reported topographies is evident (fi@d4e) [24]. Starting from these
conditions, the next sections will present the tpphical changes observed upon
variation of the plasma conditions and materialpprties in an effort to understand the

mechanism of fibrillar formation and the influengiparameters.

at 50 W and 0.1 mbar, b) 30 minutes at 100 W addntbar, ¢) 0 minutes (untreated PET film), d) 10
minutes at 50 W and 0.18 mbar, and e) 30 minutesOav and 0.18 mbar. (d) and e) reprinted with
permission from ref. [24]. Copyright 2003 Americ@hemical Society.)
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5.2 Surface structures under different plasma treanhent conditions

5.2.1 Type of process gas

PET films were treated with gas mixtures contairmggen in different concentrations:
air, a mixture of air and pure oxygen, and puregaxy Air contains around 78 vol-%
nitrogen, 21 vol-% oxygen, and 1 vol-% argon. TRaat oxygen concentration in the
air-oxygen mixture was unknown because oxygen supplk leaky. Pressure was kept

constant (0.08 mbar) in all experiments.

In air, small bumps (diameter 24 + 4 nm) at theddpoorly defined ridges formed (fig.
43a). Increasing the oxygen concentration in tleegss gas produced higher and better
visible protrusions and ridges (fig. 43b). Procegsvith pure oxygen generated bundles
of 3 to 5 fibrils with a diameter of 21 + 4 nm (fig3c). The higher oxygen contents
resulted in higher aspect ratio of the formed fhnvhich became mechanically unstable

and collapsed forming bundles. Similar results wals® found by other authors [24,

187]. All following experiments were performed ugipure oxygen.

. 5 of 4 ] - oy 3 y N 8 >
Fig. 43: SEM images of PET film (Thermanox) tredmdl0 min at 100 W and 0.08 mbar with a) air, b)
air mixed with pure oxygen, and c) pure oxygen.

5.2.2 Gas pressure

Experiments at oxygen pressures between 1.0 abdhb@r were performed (fig. 44). 10
minutes plasma treatment at 1.0 mbar did not leaany visible change in the surface
topography (fig. 44a). On decreasing the oxygesqune to 0.7 mbar, small bumps with
14 + 3 nm diameter and separated by 39 + 10 nmaapg€fig. 44b). A further decrease
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in pressure resulted in higher bumps (fig. 44cpdtiments at 0.1 mbar showed isolated
fibrils with a diameter 21 + 4 nm, a length of ab@00 nm (estimated from tilted SEM
pictures) and separated by 81 + 22 nm (fig. 448 fiumber of the bumps or fibrils per
unit area decreased as pressure decreased. Amba&AS5 fibrils up to 400 nm in length

were observed (fig. 44e). Fibrils were bent andngdad together in bunches of 2 - 6

units. Visible ridges connecting the bumps andllwere found in all experiments.

©200 ;nrm

Fig. 44: SEM images of PET (Thermanox) treated 10 at 100 W with oxygen plasma at different
pressures of a) 1.0 mbar, b) 0.7 mbar, ¢) 0.3 mpf.1 mbar, and e) 0.05 mbar. Samples weraltidts®
for imaging.

The effect of the oxidative plasma treatment wa® avaluated by determining the
weight variation of the PET film after plasma treaht. A significant weight loss

occurred upon plasma treatment, indicating thaptaema caused significant etching and
material loss at the surface (fig. 45a). The weilglss increased exponentially when
lowering the oxygen pressure during the plasma raxeat. This means that lower

oxygen pressures significantly accelerated surécking under our plasma conditions.
This result agrees with the structures observethenSEM images, where longer fibrils

(indicative of higher etching depths) were founthvdecreasing pressure (fig. 44).

It is important to point out that increased etchiagulted in longer structures, indicating

that etching is directional and, therefore, physiething caused by accelerated ion
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bombardment is dominating the surface structuna&ion mechanism, as expected from

RIE processes.
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Fig. 45: a) Weight loss after 10 minutes plasmatimeent of PET (Thermanox) at 100 W in dependence of
different chamber pressures. b) Variation of eled& temperature when processing at different chambe
pressures.

As pointed out in section 5.1, decreasing pressurmg the plasma experiment enhances
ion density and causes higher ion bombardment andngperature increase at the
electrode. Figure 45b shows the temperature vamatbserved in experiments
performed at different pressures. During 10 minglesma treatment at pressures above
0.3 mbar, the electrode temperature increasedhass5°C, whereas the same treatment

at lower pressures resulted in a temperature iserep to 30°C.

5.2.3 Power

Thermanox films were plasma treated at differentgrs between 20 and 100 W. Figure
46 shows SEM images representing the obtainedcguttgographies at three different
powers. Fibrillar structures were observed in alies. Fibril diameter (20-25 nm), length
(up to 150 nm) and interfibrillar distance (42 i@ to 70 £ 22 nm) increased with
increasing power. At power 40 W the long fibrils were no longer mechanicatgble
and collapsed forming bundles. The size of the mmishcreased with plasma power (fig.
47). At 60 W bundles were composed of 3 - 4 fibrAs 80 W and 100 W no free-
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standing fibrils were found any more and up to iil§ stuck together in one single
bundle. The higher the power, the broader was tinelle size distribution, as depicted by

the error bars in figure 46. The number of fibrendles and fibre bundle size did not

change significantly by increasing the power frodrv8 to 100 W.

2_(_)_(_)_nm

Fig. 46: PET (Thmanox) treatd 10 min with oxypkirsma at 0.1 mbar and different powers of a) 20 W
b) 60 W, and c) 100 W. Samples were tilted 45fifiaging.
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Fig. 47: Variation of the number of single fibres lmundles on the PET surface (Thermanox) with the

plasma power. With higher power fibril length inased and fibrils stuck together (condensation).

The weight loss of the PET samples was measuredtadatment at the different powers
(fig. 48a). A linear increase of weight loss wilte tpower was observed between 20 and
80 W. For higher powers (i.e. 100 W, which is thghlest possible with our equipment)
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the weight loss remained constant. These resuleeagth the surface features in fig. 46,

where fibrils with similar dimensions were obsenadtkr treatment at 80 and 100 W.
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Fig. 48: a) Weight loss and b) temperature profiering plasma treatment of PET (Thermanox) at
different powers.

An increase in power also affected the temperattitbe electrode. Significantly higher
electrode temperatures were found with increasiogiep (fig. 48b). Upon plasma

treatment at 20 W for 10 minutes, the electrodeperature increased 4°C. A similar
treatment at 80 W resulted in a temperature inereafs 15°C. These temperature
variations will be considered for the interpretatiof our results since they may induce
changes in the material that could affect the fsnaface morphology (see section 6.2 in
discussion).

5.2.4 Plasma treatment time

Thermanox samples were treated at 100 W and 0.1 willa increasing times and the
weight loss was determined (fig. 49). A linear gase in weight loss with increasing
plasma time was detected during the first 10 msui@0104 mg/cAmin, which
corresponds to an etching rate of 76 nm/min). Welghs was decelerated at longer
plasma treatment times. For comparison, a rateQff30mg/crimin had been reported in
the literature for oxidative plasma treatment ofogphous biaxially oriented PET
samples using a glow discharge plasma (15 kHz,70nfigar, 36 W, 1 sccm£D[188].
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Fig. 49: Weight loss of PET (Thermanox) after plastreatment. Samples were treated with oxygen
plasma at 100 W and 0.1 mbar and were weighed inatetgl before and after plasma treatment.

SEM images of the Thermanox samples after diffetezdtment times are shown in
figure 50. No surface structures could be deteatettimes below 9 seconds. Above 9 s
bumps of 15 to 20 nm diameter appeared and a segetphoneycomb structure with
stretched hexagons of 400 nm length and 100 nmhwiidtame visible. The hexagonal
pattern became weaker after 30 s and fainted &fles. The diameter of the bumps

increased with plasma time and reached a diamé&dout 30 nm after 60 s.
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Fig. 50: PET (Thermano) treated with oxygen plasar a) 7 s, b) 9.= c) 15s,d) 30 s, e) andid, g)
4 min, h) 10 min, and i) 30 min. Plasma parameteese 100 W and 0.1 mbar for pictures a-e (plaimyie
and 30 W power and 0.1 mbar for pictures f-i (tI#5°).

Longer plasma treatment times resulted in the fatonaf ridges and fibrils (fig. 50f-i).
Both structures became visible at the same timéallg, high ridges decorated with
small bumps appeared. Ridges were oriented inir@ttibns. As etching proceeded, the
height of the ridges between bumps decreased amdaspect ratio of the bumps
increased. After 4 min, the surface structure iediof fibrils that were interconnected
at their basement by very short ridges. Longernptdasimes led to longer fibrils that
became mechanically unstable and condensed tolfondles. In fact, the onset for fibril
condensation was observed after 4 to 6 min plassasnient, when the aspect ratio of the

fibrils approached three. After 30 minutes, fitbeihgth increased to more than 900 nm.

The etching rate was also followed by imaging thess section of the PET film after
cutting thin slices by ultramicrotomy. In order iosualize the etching profile, a

micropatterned gold-palladium layer was sputteretio ahe surface prior to plasma
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treatment (see section 4.3.2 for details). Goldagalm etching rate was much slower
than PET under our plasma treatment conditions tedefore, the gold-palladium layer
protected the underlying PET regions from etchifigure 51 shows SEM images of
cross-sections. After five minutes plasma treatméhtils could be observed at the
etched regions. The top of the fibrils was at thme height as the gold layer, indicating
that only material between the fibrils was remowkding treatment. Increasing the
plasma treatment time led to a linear increas@®gtching depth (73 nm/min) and of the
fibril length (30 nm/min) (fig. 52). A deceleratiat longer times, as observed in the rate
of weight loss may be masked because of scattefitige data and cannot be excluded.
The slower increase of the fibril length indicatieat single fibrils also underwent etching

as plasma treatment proceeded.

Smin AuPd

10 min

20 min

‘.v,‘ 1 4\)& Py 25 B T

Fig. 51: Cross sections of micro patterned and sgobently plasma treated PET samples (Thermanox)
(selected pictures). AuPd coated regions appear theey were not affected by the plasma treatmeBT
regions show etching, nanofibrils were generated.
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Fig. 52: Variation of fibril length and etching pih on PET film (Thermanox) with plasma treatméntt
Treatment conditions were 0.1 mbar and 100 W.

At this point, we checked if the detected surfataecsures and tendencies were specific
to Thermanox films or if they could also be foumdother crystalline biaxially stretched
PET films from other providers. For this purpose, performed similar experiments with
Hostaphan-RN and Mylar A and analysed the surfapegraphy (see Appendix A for
SEM pictures). Both films showed bumps, ridges fibidls with similar dimensions at
plasma times >1 min. The variation of the densitgnber of fibrils or fibre bundles with
time was also similar for the three materials, hews in figure 53. Obviously, the
etching mechanism must be the same for all of thEme. honeycomb pattern observed

for Thermanox at short plasma times (<1 min) wasobserved in the other films.
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Fig. 53: Number of fibrils / fibril bundles per |frafter different plasma treatment times at 100 W @ri
mbar of three commercial biaxially oriented PET from different providers.

5.2.5 Electrode temperature

Thermanox films were plasma treated at -10°C, &C, 10°C, 20°C, 40°C, 60°C and
80°C using the tempered sample stage describesgttios 5.1 (fig. 40). Figure 54 shows
representative SEM images of obtained topograpBielaw 0°C, a hilly landscape with
ridges and short incipient fibrils could be recagu. Higher temperatures afforded
longer fibrils that collapsed above 20°C. The dtrites evolution suggests accelerated
etching of the PET sample with increasing electrtmeperature. These results will be

discussed more in detail in section 6.2.
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Fig. 54: PET film (Thermanox) treated 10 min a'perature of a) -10°C, b) 0°C, c) 5°C, d) 20°C, e)
40°C, and f) 80°C. Plasma conditions were 100 W@ddmbar. Samples were tilted 45° for imaging.

5.2.6 Tilted sample stage

Several experiments were performed by placing tB& BPample on a tilted disposition
(30°, 45° and 60°) to the electrode (see sectidnfdr details). SEM analysis of the
sample rim showed tilted nanofibrils with compaealdimensions in all films (fig. 55).
Tilting angle varied depending on the inclinatiohtbe sample stage during plasma
treatment. For a tilt angle of 30° the tilt angfetlwe fibrils could be estimated from the
SEM pictures to be about 30° as well. Plain vievages of samples tilted 30° did not
differ from perpendicular fibrils because fibrilert under the electron beam of the SEM.
At higher tilt angles estimation of the tilt angleas not possible because fibrils

condensated strongly. These results corroborateethhing is highly directional under

our experimental conditions.

Fig. 55: SEM images at the rim of the PET film (fhanox) treated at 0.1 mbar and 100 W for a) 5 atin
a tilt angle of 30°, b) 10 min at a tilt angle d®% Samples were tilted 40° for imaging.
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5.3 Influence of material properties on the surfac@anostructures

5.3.1 Crystallinity

Amorphous and semicrystalline PET films were pregdry compression moulding and
either rapidly quenched (amorphous film) or sloadpled from the melt (semicrystalline
samples). The degree of crystallinity of the sam@e determined by DSC is shown in
Table 8.

Tab. 8: Degree of crystallinity of PET samples

PET Company Crystallinity [%]
Laboratory-made | Quenched 0

films Slowly cooled (10°C/min) from the melt 35
Commercial, Goodfellow 0

biaxially oriented | Nunc, Thermanox 35

The films were plasma treated under equivalent itiomd and the weight loss of the
samples was determined (fig. 56). At plasma timewv 10 minutes both samples
showed a linear decrease of weight loss with plage@ment time. The amorphous
samples showed higher weight loss rate, indicathmag the polymer chains in the
amorphous state were etched more easily. At etdinmgs above 10 minutes, etching of
the amorphous sample was significantly slowed ddweceleration was less significant
in the semicrystalline sample. After 60 minutesptafsma treatment, the weight loss of
the amorphous sample was lower than the weightobgge semicrystalline sample.
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Fig. 56: Weight loss of laboratory-made amorphouns aemicrystalline PET films after plasma treatment
at 100 W and 0.1 mbar.

We hypothesized that the increase of temperatur@giplasma treatment (see fig. 41)
could induce the formation of ordered domains i@ @morphous PET sample and this
could influence etching rate. In order to checls #ssumption, the thermal properties of
the amorphous PET samples after plasma treatmettifetent times were analysed by
DSC and compared. The melting curve of non plaseadd amorphous PET film is
shown in figure 33 (black), showing the glass titams (T [75°C), the cold
crystallization exotherm ([150°C) and the melting endotherm@50°C). Figure 57
shows the DSC profiles of the glass transitionesponding to PET samples after plasma
treatment at different times. A weak shoulder &raperature below glthat moved to
higher temperatures with increasing plasma treattime was visible and appeared as a
pronounced endothermic peak at 78°C after 20 msnpissma treatment (fig. 57b). Such
profile is characteristic of physical ageing (otheipic relaxation) effects of supercooled
polymer samples when stored at temperatures be}o/8B]. Note that the temperature

at the sample during the plasma experiment appeob6f°C after 20 minutes treatment,
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as indicated in the inset in Figure 41. The ageegk disappeared after 60 minutes
plasma treatment, in agreement with the experinhehiservation that the temperature at
the sample overcamey; and physical ageing effects were erased (seeose6tB for

discussion).
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Fig 57: a) DSC melting profile of amorphous PET géan after different plasma treatment times at W0
and 0.1 mbar. b) Position of ageing peak of the B&ples.

These results demonstrate that the temperatureaitedi by the thermocouple represents
quite well the real temperature at the sample sarfduring plasma treatment. In the
experiment at 60 minutes, the thermocouple indicatenaximum temperature of 77°C
(fig. 41). According to the disappearance of theilag peak in the DSC curves, the
sample must have reached 80°C for a short timeiffrence of less than 5°C between
the measured and the real temperature seems rbésaiace the thermocouple is

located inside of the electrode and not directiycesed to the plasma.

The position of the cold crystallisation exotherisoashowed a small variation with

increasing plasma treatment times (fig. 58). Atdloiflower temperatures was visible and
became more pronounced in the samples that hadpbeema treated for longer than 10
minutes. This result indicates that the increaséemperature during plasma treatment

allowed a certain degree of chain mobility and geoization that facilitated posterior
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crystallization. No significant difference in theld crystallization enthalpy was found
between samples that were plasma treated durirestbalow 45 minuted\H = 46 J/qg).
However, after 60 minutes plasma treatment the auigtallization enthalpy was
reduced to 40.4 J/g, indicating that the higherperatures reached during the plasma
treatment already allowed initiation of the cryitalion process (up to 5%). The melting
endotherm did not change with plasma treatment [l an enthalpy of 46.4 J/g

corresponding to a degree of crystallinity of 37 %.

The exposed results indicate that the increaseerapérature during plasma treatment
significantly changes the morphology of the amoyshBET sample. These changes may
be responsible for the differences in etching miserved between the amorphous and

the semicrystalline samples. Section 6.3 discubss® issues in detail.
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Fig. 58: Variation of the cold crystallization teemature of the amorphous PET samples measured &y DS
after plasma treatment for different times.

The surface topography of the amorphous and clysaPET films after plasma
treatment was analyzed by SEM and is comparedgnS9. Different topographies
between both samples were observed after plas@nat for times below 10 minutes.
Incipient fibrils were found in the semicrystallimample. In the amorphous sample

nanostructures with the same magnitude were getetadt the structures were less
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defined than in the crystalline sample. After 1hates, both samples showed similar
fibrillar topography, although fibril density in e¢h semicrystalline sample was
significantly higher. These results suggest that plolymer microstructure influences
material response to plasma treatment and, constdguthe obtained surface design.
The thermal history of the sample prior to plasmeatinent, and the temperature
treatment that the sample undergoes during plaszatntent must be taken into account

in order to understand the structure formation raam.
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Flg 59 Laboratory -made amorphous and semlcrystall PET films and commerC|aIPET fllm
(Thermanox, semicrystalline, biaxially orientedYeafplasma treatment at 0.1 mbar and 100 W. All
samples are tilted 30°. It should be noticed tlealles is different in pictures p-r.

5.3.2 Orientation

Figure 60 compares the weight loss of a laborateage semicrystalline film and a
biaxially stretched semicrystalline film (Thermanoafter plasma treatment. Both
samples showed similar weight loss independenthef drientation history. After 10
minutes, the etching rate decelerated. The dedeleravas more significant in the

semicrystalline sample than in the oriented semtatiine sample.
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Fig. 60: Weight loss of unoriented and biaxiallyemted semicrystalline PET films after plasma tneant
at 0.1 mbar and 100 W.

Figure 59 shows the surface structures of the mieand non-oriented semicrystalline
films. Similar fibrillar structures were observed both samples, but fibrils were better
defined and more homogeneously distributed in tlexidlly oriented sample. It is

important to note that the mechanical history ofsample strongly influences its
crystalline morphology (flow-induced microstructurén increase in chain orientation
by stretching the sample from the amorphous (ashéncommercial film) typically

favours nucleation of crystals. Therefore, in sgiitat both films have similar degrees of
crystallinity, the size and size distribution ofetlerystalline domains in each film is

expected to be very different.

In order to further investigate a possible influenof orientation in the surface
topography, a series of experiments with monoaxmaliented samples (commercial and
laboratory-made) were performed. Commercial unipxiatretched amorphous PET

threads were plasma treatment under similar camdtias used in the previous
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experiments (100 W and 0.1 mbar) (fig. 61). Homegarsly but stochastically

distributed fibrillar structures were already visitafter 3 minutes plasma. Fibrils and
walls collapsed with increasing plasma treatmenteti These structures were only
present along a stripe at the upper part of treathrcovering about one third (120°) of its
surface. The rest of the surface remained unchar@@jeder analysis at a cross section of
the thread showed that fibrils length decreasedsacthe curved surface: they were
longer at the top and became shorter with incrgasurvature. From 45° to 60°, the

topography changed from fibrils to grooves (fig).8Ris important to note that the angle

of ion bombardment with respect to the surface gharwith the curvature. The higher

the incident angle, the shorter were the structures

Fig. 61: Plain view of plasma treated PET thread&eter 0.1 mm). Thread axis is horizﬁtal. Plasma
parameter were 0.1 mbar and 100 W. With increasiegtment times fibrils with increasing length were
generated. Alignment of the fibrils perpendiculathe stretching direction was observed.
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t 21 { o i b
Fig. 62: 10 minutes plasma treatment at 100 W arid r@bar created different nanostructure on a
commercial PET thread. The shape of the nanostrestuaried with the position on the thread. a) ajd
Perpendicular ion bombardment led to a fibrillarriace on top of the thread, whereas a decreasing
incident angle generated d) grooves and then epyhstructures.

Cross sections of plasma treated threads were onegebtain the variation of fibrils

length with plasma treatment time (see AppendixoB $SEM images). Fibrils on the
thread were much longer than those observed ofiltieeunder similar plasma treatment
conditions. The rate of fibril growth was 82 nm/n{fig. 63). Note that this rate is 2.7

times higher than the rate in semicrystalline kafyioriented films (30 nm/min, fig. 52).
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Fig. 63: Fibril length on the surface of plasma ated PET threads increases linearly with plasma
treatment time.
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Uniaxially stretched PET samples with controlledrthal histories and orientation were
also prepared. Samples were stretched at a teraperabove § (100°C) from the
amorphous or semicrystalline film and, in some saaanealed at the same temperature
maintaining the sample in the tester under lodol€té in chapter 4.3.5 and table 9). The
degree of orientation and the crystallinity weralgsed by X-ray diffraction and DSC
experiments on the stretched fibres.

Tab. 9: Thermal and mechanical history, crystatiinend degree of orientation, sP, of uniaxially
stretched PET samples. Degree of crystallinity messured after stretching in the middle of thetstred
parts.

Orientation,<P,> Thermal history, crystallinity w

Uniaxial stretched from amorphous 19.7 %

Uniaxial stretched from amorphoug Annealed 75 mid@0°C in the
tensile  tester directly after
stretching without removing the
clamps, 44.7 %

Uniaxial stretched from crystalline44.4 %
0.852 + 0.002

Higher elongation (ca. 400 %) was achieved whepstding the sample from the
amorphous state than from the semicrystalline Stze 240 %). Neck formation was
observed when stretching the semicrystalline samyide the amorphous sample flows
more easily and does not form a neck at these atmmg. X-ray analysis confirmed
higher orientation degree in the oriented semieatlpse sample, with better defined
diffraction spots concentrated at the equator (@4) [190]. The stretching process at
100°C induces crystallization of the amorphous dampnnealing after stretching
further favoured relaxation and ordering of thetsfned polymer chains and resulted in

an enhancement of intensity of the diffraction s@otd higher crystallinity.
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Fig. 64: WAXS diffractograms of PET samples indidan table 9. a) Uniaxial stretched from amorphous
b) uniaxial stretched from amorphous and subsedyeabnealed, and c) uniaxial stretched from
crystalline. Stretching direction is vertical. Foomparison, the WAXS diffractograms of the origiiiais
are also included. d) Amorphous and e) crystalRieT.

Figure 66 shows the obtained surface structuresr giffiasma treating the stretched
samples. For comparison, both the surface structiutiee oriented parts and the surface
structure of non-oriented parts of the sample (ftbenclamped end during stretching) are
shown (schematic of uniaxial stretched sample showiig. 65). The black arrow
indicates the stretching direction. All stretcheanples showed nanofibrils, both at the
clamped end and at the elongated parts. In thetedesample from the amorphous film,
the nanofibres in the stretched region appearegted forming rows. Row direction was
perpendicular to the stretching direction. Thisesgpucture could not be found at the
surface of the clamped end, suggesting that itagrsequence of the orientation process
and not of the thermal treatment. If the orientderf was annealed after stretching, the
fibrils were no longer aligned. Stress relaxatiod &urther crystallization of the ordered
domains during annealing seemed to blur the pretiagi orientation-related morphology
for the plasma process. The semicrystalline sarspltched after crystallization also
showed aligned fibrils. Neither semicrystalline rmanorphous biaxial oriented samples

showed such alignment of the fibrils (fig. 67).
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Clamped : P Clamped
end Stretched region B

Fig. 65: Schematic of uniaxial stretched PET sample

'\ !:Jﬁramal st)ietch% HY . Uniaxial stretched-from Uniaxial stretched from
am phdl i : \ famorphous; ‘annealed, crystalline, w.= 44,4 %
& Y led,
Tw=447 %
¥ :

Whniaxial stretched from

atmorphous, annealed
clamped end _

Fig. 66: PET samples after uniaxial stretching asdbsequent plasma treatment. a) Stretched from
amorphous film, b) stretched from amorphous filrd annealed in the tensile tester after stretchamy c)
stretched from semicrystalline film. d-f) Piece thé clamped end of the samples a-c after plasma
treatment. Treatment conditions were 10 minute08tW and 0.1 mbar. Pictures are tilted 30°.

Fig. 67 Commercial blaX|aIIy oriented PET film®m dlfferent suppllers after 10 minutes oxygen rptas
at 100 W and 0.1 mbar. a) Thermanox, crystalli®bpbo, b) Goodfellow, amorphous, and ¢) Hostaphan
RN, crystallinity 35%. Drawing directions of Hostegm RN are indicated as machine direction (MD) and
transverse direction (TD). Pictures are tilted 30°.

5.3.3 Chemical structure

Polymer materials with different chemical structuvere plasma treated under similar
conditions as those used for PET. The following@amwere tested (see Appendix C for

a representation of the chemical structure):
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Two polyesters with a chemical structure closeEd P
o Poly(ethylene naphthalate) (PEN), semicrystallir8¥.§ %), biaxially
oriented
0 Poly(buthylene terephthalate) (PBT), semicrystalli(89.6 %), biaxially
oriented
e Two fluor-containing polymers
o Tetrafluoroethylene-perfluoromethoxyethylene copwy (Teflon PFA),
amorphous, biaxially oriented
o Tetrafluoroethylene-hexafluoropropylene  copolymerTeflon FEP),
semicrystalline (27.6 %), biaxially oriented
* A silicone, Polydimethylsiloxane (PDMS), amorphdilsn prepared by mixing
liquid precursors
» Ultra high molecular weight Poly(ethylene) (UHMW-RBemicrystalline (32.9 %).
Film was peeled with a long blade from a rotatilagge diameter solid rod, which
was produced by pressing powder and then sintéring
* Polystyrene (PS), amorphous film prepared by exinjsbiaxial stretched using
rollers that are in-line and perpendicular to threaion of extrusion
* Polymethylmethacrylate (PMMA): amorphous film fad@ied by melt extrusion

(molten polymer is cast onto chilled calendar r@lgroduce the film).

Figure 68 shows the surface structures of the reiffiepolymers. The three polyesters,
PET, PEN and PBT, showed similar fibrillar struetsirPEN fibrils exhibited a diameter
of about 20 — 30 nm like PET. Freestanding as asltondensated fibrils were observed.
In contrast, the PBT fibrils were strongly condeadano single fibril could be observed.
Fibril diameter was in the same magnitude as PETREN. Teflon FEP showed long
nanofibril bundles at the top of pyramidal struetur Fibril diameter was measured
between 15 to 40 nm like on PET, but fibril lengtlas at least five times higher.
Condensed nanofibrils were also found on Teflon REA a diameter between 25 and
40 nm. Fibrils were longer than on PET but shattan on Teflon PFA. PE and PS show
an incipient surface structure, but not well defin©n PE, bumps with a diameter

between 20 and 90 nm were generated. Bump sizeéSowd3 between 10 and 55 nm.
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Several PS bumps looked like they were coalescem@@dPMMA a rough surface
covered with bumps between 50 and 230 nm in size gemerated. PDMS showed no
nano structures but a wavy structure with a peobdbout 4 microns. It is important to
note that oxidative plasma treatment of PDMS gdgdra silica surface layer that cannot
be further removed. This is not the case of therogiolymers since they do not contain

silicon in the chemical structure.

stated otherwise). a) PET, b) PEN, power 50 W,EJ Rl) Teflon FEP, e) Teflon PFA), f) UHMW-PE, q)
PS, h) PMMA, and i) PDMS, time 20 min. Sampleswaere tilted 45° for imaging, f-h were tilted 30°, i
plain view.

5.4 TEM analysis of the internal structure of the mnofibrils

In order to gain information about the internalsture of the fibrils and compare it to

the bulk material, we performed several experimamBlig a transmission electron
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microscope. We expected to identify and visualiz®i@gohous and crystalline domains in
the fibrils and in the bulk.

Cross sections of plasma treated PET films comtgimanofibrils on the surface were
prepared by ultramicrotomy after embedding the fiman Epoxy resin. TEM analysis
showed very poor contrast between the PET matandlthe resin and, therefore, TEM
images had very low contrast and the fibrils weiiicdlt to visualize. In order to
enhance the contrast at the interface betweemntbgblymers, the surface of the PET
samples was sputter coated with a 5 nm thin Aulperlarior to embedding. SEM and
TEM images (fig. 69) of the nanofibrils with bettntrast could then be obtained.

The TEM pictures showed that the gold coating watscontinuous and single gold dots
were identified (fig. 69b). Overlapping gold dotsngrated a Moiré pattern, visible at
higher magnification (fig. 69¢c). Some fibrils westaight while others showed twists.
The different lengths of the fibrils in the TEM fice was a consequence of the cutting
process. No crystalline or amorphous domains cbalddentified in the fibrils, even at
larger magnifications, except in the crystallinddgdots. In order to increase the contrast
between amorphous and crystalline regions, embeddddrimmed PET samples were
stained with Rutheniumtetroxid (see section 4.6r3etails), and cross sections were cut
subsequently. This reagent was expected to attathet amorphous parts of PET and,
therefore, amorphous parts should appear dark winystalline parts should appear
brighter in TEM images and thus can be differeatatl91-195]. Unfortunately, TEM
analysis of stained samples did not show any diffee to the unstained samples. It was
not possible to learn anything about the arrangénséramorphous and crystalline
domains in the fibrils.
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10 nm

Fig. 69: a) TEM image of 20 min plasma treated Rtho fibres sputter coated with 5 nm AuPd. b)
Higher magnification of single fibril. Gold coatingn fibrils is not continuous, single gold dots wer
observed. c) Higher magnification of a small pairooe fibril. Gold and PET were identifiedd, butnias
not possible to distinguish amorphous and crystallPET regions.

5.5 Properties of surface structured PET

5.5.1 Water contact angle

The water contact angle (CA) of PET films befored aafter plasma treatment was
measured and compared. Thermanox films showed arwantact angle of 59° + 3,
while Mylar (also a commercial biaxially orientednsicrystalline film from a different

provider) showed a contact angle of 76°. The loeentact angle of Thermanox is
attributed to a post-processing corona treatmentheffilm (see section 6.1) which

introduced nitrogen functional groups and made thaface more hydrophilic.
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Surprisingly, laboratory-made PET films showed gn8icantly higher contact angle
(92°). These films were prepared by compressionldmoy between two PTFE plates at
270°C. This temperature is close to the degradaeomperature of PTFE and, therefore,
we cannot exclude some contamination of perfludethachains on the surface of our
PET. This could be the reason for a higher CA g®eted.

Oxygen plasma treatment of the films reduced thdam angle of the PET surface to
almost 0° and made it highly hydrophilic, indepemttie of the plasma treatment time.
This was a consequence of the oxidation and ma@poration of polar oxygen atoms
to the surface during plasma treatment.

Plasma treated PET films were hydrophobized aftesnpa treatment by coating with a
perfluorinated compound (see section 4.3.6 for exntal details). Perfluorinated flat
PET showed a contact angle of 113°. Perfluorin®€d films after plasma treatment for
increasing times showed increasing values of coraagles that reached 160° after 20
minutes (fig. 70). The drastic change in the swfaettability from highly hydrophilic to
superhydrophobic (160°) is attributed to the inteypbetween the fibrillar surface
topography, that only allow a small contact areas&e-Baxter theory, see section 2.6)

and the low surface energy of fluorinated coatings.

Water droplets showed very low adhesion to the msypkeophobic PET surface (20
minutes plasma treatment) and rolled off the sarfas soon as deposited from the
syringe. Figure 71 shows captured images of thenbetr of the drop on the surface,
visualizing the anti-adhesion effect. Longer plastreatment times did not further

modify the contact angle or the roll off properties
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Fig. 70: Water contact angle of PET samples aftasma treatment for different times and posterior
perfluorination.

Fig. 71: Roll off of a water drop deposited on aTPEurface after 20 minutes plasma treatment and
perfluorination.

5.5.2 Adhesion and friction

The adhesion properties of plasma treated PET fi{ififeermanox) and non-treated
controls were measured. Representative force-distanrves are shown in figure 72.
The pull-off force is the force at the pull-off edeand is a measure of the adhesion
performance of the surface. For the original Theroxafilm, a low value of the pull-off
force was obtained (350N). Similar measurements were performed on the marox

film after 10 minutes oxygen plasma treatment.hiis tase the pull-off event could not
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be detected, indicating that the surface adherentmver than in the original film. An
upper limit for the pull-off force was estimatedtwilO uN. This result is attributed to the
low density of fibrils after plasma treatment tbatises a dramatic decrease in the contact
area. The area density of the fibrils was deterthiéh 36 %, so only one third of the

original surface is in contact at the beginninghaf measurement.
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Fig. 72: Load-displacement curves for a) flat andpbasma treated PET films. Sample is approached to

substrate, and then it is loaded to a defined @eéloWhen retracted, sample adheres to substraté unt

pull-off occurs. Nanostructured PET showed lowehnesion than flat sample. Insets show SEM images of

the PET films.

Figure 73 shows the friction coefficient of Thermm&ansamples measured against
substrates with different roughness under diffedemmidity conditions. The original
Thermanox film showed a decrease in the frictioeffi@ent from 0.45 to 0.3 with
increasing surface roughness up to 1 um. Above lthenfriction coefficient remained
constant. An increase in humidity from 47 to 61%uteed in lower friction coefficients.
Plasma treated samples (20 minutes) showed sifmitéion coefficients to non treated
films on substrates with roughness below 0.2 pne fibrillar bundles were about 315 +
140 nm in length and 140 + 55 nm in width. Howe\aer,increase in surface roughness
led to a significant increase in the friction cegéints up to a value of 0.6. As observed

in the non structured surfaces, an increase in dityried to lower friction.
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Fig. 73: Friction measurements were performed @t énd nanostructured PET films (Thermanox) on
epoxy resin substrates with different roughnesgctien coefficient of a) flat and b) 20 minutes qisa
treated PET films. SEM pictures of c) flat and @)rdinutes plasma treated PET film. Treatment caorust
were 100 W, 0.1 mbar and room temperature. Pictlisetilted 30°.
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Friction experiments were also performed on platmated samples where the fibrillar
structures were tilted (see section 4.9 and fig). e friction coefficients were
measured by pulling the sample along and agairesttiting direction of the fibrils.

Plasma treated samples always showed higher fricttalues than non-treated
Thermanox. However, no significant difference ia fhiction coefficients in the different

directions could be detected.
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Fig. 74: Friction coefficient in dependence of tilhgle and tilt direction was measured on substratéh
different roughness.

5.6 Summary of the results

Fibrillar nanostructures were generated by reagtimeetching with oxygen. A variation
of plasma treatment conditions showed that fibeihgth increased with increasing
oxygen content in the process gas, increasing potweatment time and sample
temperature as well as with decreasing pressure.ldrger the fibril length the higher
was the weight loss, measured directly after tlasmh treatment. Fibrils as well as the

surrounding material were etched during the plagmatment, but etching rate of the
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fibrils was significant lower. After achieving arsect ratio of three fibrils started to
stick together (condensation). The number of fbrdtuck together in one bundle

increased with fibril length.

Material properties such as crystallinity and otaéion influenced structure formation.
The magnitude of all structures was the same afemma treatment, but nanofibrils on
amorphous samples were less defined than on dmystaamples, especially after short
treatment times. DSC measurements of the amorpaple showed a weak shoulder at
a temperature belowgThat moved to higher temperatures with increassatrhent time
and changed to an endothermic peak after 20 mindtke position of the cold
crystallinisation exotherm also showed a smallataon with increasing plasma treatment
time. This indicates that due to an increase in psantemperature during plasma

treatment relaxation processes can appear in tbephwous film.

Fibrils in biaxially oriented samples were betterfided and more homogeneously
distributed than in non-oriented samples. Uniasiaktching of samples, with a high
degree of orientation, resulted in nanofibrils aéd perpendicular to the stretching

direction.

Plasma treatment of other polymers under the samdittons always led to structuring
of the surfaces. On PEN, PBT, Teflon FEP, and TefRFA nanostructures were
generated. Bumpy structures were fabricated orPBEand, less defined, on PMMA. On

the PDMS surface a wavy structure was observedthitereatment.

Water contact angle measurements revealed a cliemmgé9° to almost 0° after oxygen
plasma treatment independent of treatment duraRerfluorination of the sample after
plasma treatment generated a hydrophobic surfauehwhanged to a superhydrophobic
surface at longer treatment times RO min). Nanostructured PET surfaces were
antiadhesive and showed an increase in frictiorfficant with increasing substrate

roughness.
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6. Discussion

6.1 Types of etched patterns observed on PET films

Reactive ion etching of PET films was used to poedoumps, ridges, isolated fibrils and
condensed fibrils in the form of bundles at thefemze. At low levels of etching bumps
were observed, which further developed into fibmgh increasing aspect ratio as
etching proceeded. The diameter of the bumps dmidsftypically varied between 15 and
40 nm and the distance between features from 280team. These dimensions were
maintained independently of the experimental plasomaitions. When fibrils reached an
aspect ratio of about 3, they became mechanicaéyable and started to collapse and
stick together forming bundles. The number of fin the bundles increased when
etching was continued for longer. Fibril bundlesaateed heights of up to 1 pm.
Depending on the sample’s thermal and mechanicabry, these features were either
located randomly across the surface (figs. 43,464,50, 54), or they were aligned in a

preferential direction (figs. 61, 66a and c).

The transition from bumps to fibrils with increagiatching is smooth, as depicted in fig.
50. This evolution suggests that initial bumps @t letching levels are etched more
slowly than the surrounding material and act asksia&ssuming that physical etching
dominates, as expected from our experimental comdit the bump pattern is developed
vertically in the material and produces long fibrdt higher etching times. Two open
guestions remain: what is the nature of the bumpgsvehy do they present lower etching

rates than the surrounding matrix.

A particular surface topography was observed inrffla@ox films after short plasma
treatment times (<1 min) (fig. 50b-e) consistingpoiygonal structures superposed on
the bump pattern. This structure was not observetemusimilar plasma conditions on
other commercial PET samples with comparable thieemd mechanical pretreatment
(Mylar, Hostaphan). Considering that Thermanox figma PET substrate for application
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in cell culture, we hypothesized that it may haeerbpreviously treated or functionalized
for improving biocompatibility and cell attachmein. fact, the supplier of Thermanox

plates (Nunc) revealed that one side of the filns waated with a corona discharge in
order to increase the surface energy and wettingepties [196]. Corona discharge is a
type of plasma treatment performed at atmospheesspire under conditions that favour
free radical formation and chemical reactions imvd radicals at the treated surface that
incorporate oxygen and nitrogen atoms [197]. Analg$ the surface composition by X-

ray photoelectron spectroscopy revealed the presehgitrogen at the surface, which is
absent in the other samples and is not expectpdranPET [198]. However, the nitrogen

was found on both sides of the film and the polymiructures also appeared on both

sides.

The polygonal structure of Thermanox was also alestupon chemical etching of the
surface with n-propylamine. The surface structwe3hermanox after 30 seconds of

plasma etching and 1 hour chemical etching withrapyplamine are compared in figure

75. Both pictures show underlying bumps with similenensions.

Fig. 75: Comparison of PET surface (Thermanox)rafe30 s plasma etching and b) 1 hour chemical
etching with n-propylamine. Both samples show pmigd) structures and underlying bumps with similar

dimensions.

The polygonal pattern was also reported by Powekile 2003 after plasma treating
Thermanox in similar conditions [24]. These authalid not consider the corona
pretreatment and claimed that the polygonal strastuare a consequence of the

formation of a thin film of polar, low molecular vght fragments on PET that undergoes
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dewetting. Our results demonstrate that thesetstes are not specific to PET etching
and should be associated with the corona treatmedéwetting mechanism is plausible

considering that the corona treatment introduceerpolar groups at the surface.

6.2 Changes in etching and pattern geometry underifferent plasma

conditions

lon current density, ion energy and atomic and mdé oxygen concentration, in
addition to substrate temperature, have been regppdootbe the most relevant parameters
in RIE of polymer surfaces with oxygen gas [19%e%e parameters can be varied by
tuning the operating variables of the plasma, sashpower or pressure. However,
changing one plasma parameter usually modifieothers and, therefore, a parametric
study is not easy. In addition, as well as the iatglrate the etching mechanisms
(physical or chemical) and the directionality cdsoabe affected by the changes. These
effects will be discussed in the following paradrsyp

A higher gas pressure in the plasma chamber leadshtgher ion density, but also to a
higher number of collisions between the ionizediplas before they reach the surface
(i.e. shorter mean free path). These two effectee le counteracting influence in the
etching rate. The negative bias voltage is alsoeebgnl to increase with decreasing
pressure [200]. Therefore, at lower pressures valide accelerated more strongly and
impact the electrode surface with higher energyfabt, etching rates usually decrease
with increasing gas pressure [201]. Our resultmsthat this dependence is exponential

under our plasma conditions and within the pressamge of 0.05 to 1 mbar (fig. 44).

An increase in power in the plasma chamber is drdelo generate a higher density of
ionized particles that impact the polymer surfatd2] 202]. The ion energy is not
expected to change significantly with the plasmagro[202]. The mean free path of the
ions does not change because the total number rttlpa in the chamber remains

constant [202]. The plasma contains more ions, lwingsults in higher etching ability
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and thus, higher weight loss and longer fibrilsfasd in our experiments (fig. 48 and
46). Similar results have also been reported iritbeature for PET [187] and PS [158].

For biaxially stretched PET films, etch rates of 638, and 340 nm/min using powers of
25 W, 50 W, and 100 W were determined at 13.56 M#H133 mbar, and 10 sccm
oxygen [187]. The authors did not give any infonmatabout the crystallinity of the
samples. We obtained for semicrystalline biaxialisetched samples etch rates of 73
nm/min (measured from cross sections, fig. 49) @ndé nm/min (obtained from weight
loss measurements, fig. 52). The conditions werkt2z} 0.1 mbar, and 100 W (gas flow
could not be adjusted). The magnitudes of the ettds are similar, although at the same
power of 100 W the literature value is nearly fiirmes higher. This difference could be
caused by the different frequencies applied, boging chamber geometries must also be
considered. The etching mechanism changes whefnetipgency is varied, therefore etch

rates are different.

For PS an increase in the diameter, height, aretfitillar distance and a decrease in
fibril density has been reported with increasingveo [158]. Our results with PET
showed a similar tendency. The aspect ratio ofitngs increased with power. At power
>40W the fibrils collapsed and formed bundles witicreasing diameter. The area

percentage of the fibrils was 15 % to 24 % for R& 27 % to 31 % in our case.

Decreasing pressure and increasing power increhgetemperature at the electrode in
our experiments up to a maximum value of 80°C. 8atesheating in RIE is mostly due
to the constant bombardment flux of high-energyitp@sions, g.. According to [203],
the rate of substrate temperature d3édt depends upon the difference between the ion
energy (heat) flux to the substrate and the ratbeaft loss from the substrate to the
surroundingg.(T), as follows:

dT

aM=ec, 5§ J=a.-am (16)

whereqq(T) is the net flux to the substrate gndCp andL are the substrate mass density,

specific heat and thickness respectively.
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The heat loss function during the RIE procegél), can be represented by

q.(T) =206 (T* - T,') — &, (%} +al,p(T -T,) (17)
Where osg is the Stefan-Boltzmann constant for radiativet iemnsfer, ¢ is the surface
radiation emissivity constan@p is the wall temperature (assumed constaxf)is the
thermal conductivity of the gaslT/dzis the temperature gradient across the electrode
gap, a is the accommodation coefficient for moleculartheansfer,/, is the molecular
thermal conductivity of the gas apds the gas pressure. The first term on the rigimeh
side of equation (2) represents heat transfer filoensubstrate to the surroundings by
radiation, while the second and third terms accoiomt heat transfer by viscous
(independent op) and molecular (proportional 49 heat conduction to the gas. Solid-
state heat conduction from the film to the cathddeing RIE is negligible assuming
contact between the PET film and electrode is nafarmal due to multiscale roughness
at both surfaces. Under our typical plasma opaggtiressures (0.1 mbar), the heat loss
function is a combination of radiative and molecgas conduction and the viscous heat

contribution is negligible.

At film temperatures <100°C the RIE rate of polyrfiBns has been reported to depend
only to a small degree on substrate temperaturg, [204]. However, chemical etching
can take place over the whole temperature rangdadt)y higher etching rates with
increasing temperature have been reported in theature in RIE of different polymer
materials (eg. PMMA, polytmethylestyrene), photoresist Novolak) [201, 208]20@ur
experiments also showed a significant change irstiniace topography with temperature
(fig. 54), with increased fibril length and clustey in the experiments performed at
higher temperatures. This is an indication of ggenretching at higher temperatures, in
agreement with reported results. No isolated bwiere observed at any temperature
between -10 and 80°C, in contrast to experimentisout cooling/heating and clustering
was visible at all temperatures. Similar variationssurface structures of PET after
plasma etching by changing T have also been repdryeother authors [24]. These
results reveal a significant contribution from cheah processes during our RIE

experiments that contribute to structure formatiod cannot be disregarded.
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In the experiments performed with the tempered $astage, we observed an increase in
temperature during the experiment up to a platealwey after which temperature
remained constant for the rest of the experimeigt 41). The experiments without
cooling never reached a plateau. Other authors foawrel a similar temperature profile
using a cooled sample stage and also reportedafighancrease in the etching rate up to
a plateau (see fig. 76) [203]. These authors aspahstrated that the temperature control
can be further improved by thermally bonding theaske to the stage using high-vacuum
grease. Etching rates of thermally bound substreggsained constant over the time.
However, the grease introduces a contaminatiorhénplasma chamber that may also
influence the results. For this reason, we did ussd any material to improve thermal
transport between the sample and the stage in are. €Cryo-sample holders working
with He underside cooling are commercial availdbtesome plasma chambers and seem

to be the best solution for improving thermal cohwithout introducing contamination.
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Fig. 76: Effect of thermal bonding on RIE rate oMMA. (Reprinted with permission from [203].
Copyright 1990, American Institute of Physics.)

An increase in the sample temperature during tlasnph treatment may also induce
changes in the sample morphology. This dependsheninitial state of the polymer
sample (amorphous, supercooled, semicrystalline,), eits phase diagram and the
temperature profile during the experiment. Under experimental conditions the
maximum temperature achieved was 80°C (fig. 41t)n3@king into account thatgTof
PET is 75 - 80°C, rearrangements in amorphous dwnghysical ageing) cannot be
excluded. Such processes may well influence therejaate and surface topography of

the sample. The next section discusses these issues
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6.3 Controlling surface structures with a crystallne morphology

Significant differences in the etching rate andultasg surface structures were found
between amorphous and semicrystalline samples. undeexperimental conditions the
etching rate of amorphous PET decreases after f0tes of plasma treatment (fig. 56).
We interpreted these results as a consequencesfgagffects promoted by the increase
in temperature of the sample during plasma treatmas seen from the DSC
measurements (fig. 57). Ageing effects involve ganization of the polymer chains in
the amorphous state at temperatures closg to Torm densified regions. These regions
seem to be more resistant to plasma etching tharpdrous domains. As ageing and
etching proceed during the plasma treatment, tHaaiis enriched in densified domains
and the overall etching rate (as given by the welgbs) decreases. At the same time,
fibrillar structures become more defined as a cgusece of a masking effect at the

densified regions.

It is important to note that the surfacg df PET is expected to be lower than that of the
bulk. In fact, a surfaceglof 56°C has been reported for PET [207]. The axrdgplasma
treatment may cause chain scission and a decnedlse molecular weight at the surface
and, in turn, further lower surfacg Ta surface § of 53°C has been reported for PET
after 30 s oxygen plasma treatment at 13.54 MHzMW§06.7-1¢ mbar [207]). This
means that ageing effects at the surface mayatéotver temperatures than in the bulk

and occur faster.

Physical ageing occurs when a polymer is in a ropnlierium state (i.e. supercooled)
and is caused by molecular relaxations that argeldian the direction required to drive
the material closer to equilibrium. Ageing occumstihe amorphous state but does not
easily occur in the amorphous domains of crystalkamples where chain mobility is
highly constrained due to the presence of crygtalliAccordingly, we observed a nearly
constant etching rate in semicrystalline PET, gseeted from a sample that does not
undergo significant changes during the plasma pc&he slight decrease in etching
rate with longer treatment times can be attribtitecharge accumulation at the surface of
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the material which may deflect incoming ions and/medluce the flux of accelerated ions
to the surface [141].

Assuming that the differences in the etching raviben amorphous and semicrystalline
PET are due to differences in the etching ratenodr@hous and crystalline regions, and
considering a semicrystalline polymer as a two-phaaterial, we estimated the etching
rate of the crystalline domains from the formul8§2209]

Vo =clV, .+ (L-0v,, = (Vo ~V,)C+V,, [209] (18)

where Ve is the total etching rate (as measured in the ggstalline PET)vec is the
etching rate of the crystalline phaseg is the etching rate of the amorphous phase (as
measured in the amorphous PET), and crystalliretidmac.

This model also assumes that the etching rate rsn@instant with time. According to
the results shown in fig. 56, this is only true idgrthe first 10 minutes of plasma
treatment. Therefore, etching ratesandve o were obtained by fitting the data from fig.
56 with treatment times below 10 minutes (see Tig). Table 10 shows the estimates.
Etching rates of 31.2 nm/min and 104.1 nm/min winend for the crystalline and
amorphous fractions. The difference between thedges determines the selectivity of
the etching process. It is important to note tha talculation is somewhat speculative
and relevant aspects involved in etching (tempesagtfects, change in surface chemistry
and roughness during treatment or surface restingluhave not been considered. As
such, it should only be taken as indicative.
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Fig. 77: Weight loss of laboratory-made PET filnfseen plasma treatment. Linear fit between 0 and 10
minutes treatment time was determined.

Tab. 10: Etching rates determined by weight loggdarments using the following data.

PET amorphous 100 % crystallinity | 35 % crystallinity
Weight loss (fig. 77) 0.01388 - 0.01081
[mg/cm’min]

Density 1.333 [210] 1.455 [132] 1.376

[g/cm’]

Etching rate 104.1 31.2 78.6

[nm/min]

Our hypothesis assumes that the morphology of B ffm is homogeneous across the
film thickness. However, there is recent evidemcéhe literature claiming differences in
the degree of crystallinity at the surface andhi@ bulk [211]. The formation of a “skin
layer” a few microns thick that has different prdpes from the bulk is plausible if
processing conditions involve rapid cooling, asthe amorphous quenched PET film.

Cooling at the surface will be faster and, therefancipient ordering processes may
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increase in the interior of the film. This could@lexplain a decrease in the etching rate

with increasing etching depth in the amorphous.film

At this point it is important to consider that sergstalline PET cannot be described by a
simple two-phase model of crystalline and amorphdmreains [212]. The morphology of
semicrystalline PET is complex and has been demairdtto contain varying amounts of
intermediate ordered morphologies. There, the Riains are only partially ordered and
constrained due to the crystalline domains. The i@td type of mesomorphic domains
strongly depend on the thermal and orientatiorohysfdraw temperature and draw rate)
of the sample. We hypothesize that these mesophalgeesent intermediate etching
rates between the purely amorphous and purely allipygt domains and blur surface

patterns.

6.4 Controlling surface structures with mechanicatreatment

Non-oriented, uniaxially and biaxially oriented serystalline PET films showed small
but distinctive differences in the surface topogsamfter oxidative plasma treatment.
The dimensions of the fibrils were similar in afises, but fibrils were better defined and
more homogeneously distributed in the oriented sasnfsee fig. 59, 66). Assuming that
the fibrils are a consequence of differential eighiof domains with differing
morphology, it seems that ordered domains arerb@dtined in the oriented samples and

this enhances the response to and selectivityeogtthing process.

The size and size distribution of the crystallir@méins in the semicrystalline oriented
and non-oriented films are expected to be veredkfit. This is already evident from the
optical appearance of the films: the self-prepared-oriented PET film is opaque, while
biaxially oriented Thermanox is transparent. Opaiitsemicrystalline polymers results
from scattering of light because of optical heterogties in the polymer bulk having
dimensions comparable to the wavelength of light. fact, the radius of the

semicrystalline aggregates (spherulites) in PET been demonstrated to be directly
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related to the degree of opacity, being maximumafepherulite radius between 1.8 and 2

pum [213]. Spherulite radius must be much largen ithahe semicrystalline oriented film.

The fibrils in self-prepared uniaxially stretcheairgples were aligned in rows (65c, f)
perpendicular to the stretching direction, dematstg the possibility of exploiting a
mechanical pretreatment to obtain a regular arnraegé of surface nanofeatures in a
single plasma process. Annealed samples after meahatreatment did not show
aligned fibrils, indicating that the final topogtapresults from mechanical and thermal
factors. During annealing different phenomena takece, such as chain relaxation,
reorganization of amorphous segments, chain trafjspoystallization of amorphous
domains, and improvement of crystalline regions.aA®sult, the microstructure of the
PET sample relaxes and evolves into a more staate sloser to thermal equilibrium,

forgetting to some extent the mechanical pretreatme

Fibrils obtained on amorphous uniaxially stretcloednmercial threads were 2.7 times
longer than fibrils obtained from films (stretchednon stretched). Assuming that fibrils
occur as a consequence of differential etchingrde@d/ amorphous domains during
plasma etching, it seems that etching in threadsirecwith much higher selectivity.
Recently reported work on flow-induced morphologly RET during stretching on
monoaxially stretched amorphous PET aboyel@ims that crystalline, amorphous and
mesomorphic phases coexist in the stretched sadgpending on stretching rate, ratio
and temperature [214]. At low stretch ratios, igpic crystallites form and are embedded
in an amorphous isotropic matrix. For larger stigtg, anisotropic fibrillar domains
were found oriented along the stretching directiath crystallites forming a layered
structure within the fibrillar domain. This struotu is also present in oriented
semicrystalline PET, although in this case orieatabf the chains is preceded by the
breaking of isotropic crystals. At higher stretahiratios, crystallites are oriented and
more crystallites develop within the fibrillar doms. A significant proportion of the
material still remains non-oriented. This descdptagrees with the three-phase model
proposed for the microstructure of stretched PBies in an older study, which included

a threadlike interconnected, highly oriented nostaline phase coexisting with a more
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unoriented amorphous phase and the crystallitgs T8) [215]. The stretching ratio of
the commercial Goodfellow fibre is expected to hechhigher than in the other samples
and, therefore, the internal microstructure cowdditfferent. This could be the reason for

the different fibrillar dimensions observed.

FIBER AXIS

e —

Fig. 78: Schematic of the molecular arrangemerfibnes melt-spun at intermediate spinning speetie. T
oriented amorphous domains form a fine network.ddales of the unoriented phase are loosely attached
to these oriented domains. (Reprinted from ref5]24ith permission from John Wiley & Sons, Inc.)

Fibrils in biaxially oriented films were interconcted by ridges that seemed oriented in
random directions. The PET thread also showedldilmierconnected by walls. Ridges
and walls seem to be etched faster than fibril$,skawer than the surrounding matrix.
We hypothesize that these ridges could originaimfetching of the anisotropic fibrillar

domains (mesomorphic phase). More experiments r@ticked samples under different

and controlled stretching conditions would be reegiito prove this hypothesis.

6.5 Surface topography observed on PET etched withther methods

There are a few reports in the literature concegrrsnrface treatment of PET with
different etching methods that have also generatelistinct surface topography. This

section discusses the reported results and comihemsto our observations.

Chemical etching of mono- and biaxially stretch&TRilms (from amorphous at 100°C)
using n-propylamine as solvent has generated aaarfmacrostructure with
interconnected ridges (fig. 79a) [216]. The widfrtlee ridges was about 15 nm and the
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mean length between interconnections was abouh&b®Bigger structures up to 1 pm in
length were also observed because dimensions depandample history. These
dimensions are similar to ours at low etching mf@bout 250 nm in length and 90 nm in
width, see fig. 75). In uniaxially stretched sanspledges were oriented perpendicular to
the stretching direction. The orientation improweidh the stretching ratio (fig. 79a).
Biaxial orientation produced unoriented macrosuret Ridges have also been observed
when wearing the surface of uniaxially and biayialtiented PET films with an AFM tip

in contact mode above a certain load [217, 218priridge spacing was 100 nm and
increased up to 200 with increasing AFM tip load bbrrelation with the drawing
direction was seen in this case, probably becatiseeosmall size of the scanned field

(I1x1micron).

Several authors have reported ridged, bump and §hoHar structures upon increasing
photoablation of PET films using an excimer lagdre feature geometry resembles our
obtained structures, but lateral dimensions argevidfibril diameter about 1 micron)
(fig. 79c-d) [219-222]. Etching rates of ca. 40 nim were reported, lower than in our
case [219]. The authors attribute the formationthed short fibrils to the crystalline
subsurface morphology, since they were not obseirvesnorphous samples [219-222].
In oriented samples aligned fibrils along the stigtg direction were obtained [220].
Other authors attribute ridge formation under samionditions to the development of
cracks within the modified surface [223]. Frozenstresses accumulated within the
material during stretching then relax due to crémkmation when exposed to laser
radiation. This could be the reason for ridges agpg in the stretching direction and
may also explain the connection lines betweenléibn biaxially oriented samples (fig.
79b). No structures were found in annealed filmcsistress relaxation occurs at the
annealing temperature. In this model, differencesvben crystalline and amorphous
material were not considered. Moreover, no explandbr the occurrence of fibrils was
given. Fibrils in fig. 79b strongly resemble thendensed fibrils resulting from some of

our plasma conditions (e.g. fig. 59¢).



6 Discussion 134

In atmospheric plasma using Ar as etching gas ifegctate 1 to 4 nm/min), biaxially
oriented PET films showed oriented ridges alignegpendicular to the second drawing
direction with ca. 50 nm period and 30 nm widthgalated with globular features on the
top that resembled incipient fibrils [224]. In a noaxially oriented film similar features
were obtained. Alignment was less clear, but aguety be induced perpendicular to the
draw direction [224]. It is important to note thetiching in atmospheric plasmas is

supposed to be only chemical and, therefore, ipatro

The fact that different etching methods render Isingurface structures strongly supports
our hypothesis that the structure formation medmanielies on a pre-existing sample

morphology that becomes visible upon etching uderxperimental conditions.

Annealed
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Fig. 79: PET surface morphology after different dénof treatment: a) Chemical etching with n-
propylamine led to the formation of interconnedtieides, which are oriented perpendicular to theaxil
stretching direction. Structure size decreases wiltreasing sample orientation. (Reprinted from. ref
[216] with permission from John Wiley & Sons, Ini))Exposure to KrF laser radiation generates wall-
type structures in uniaxial and nap-type structurebiaxial stretched samples which are perpendictb
the stretching directions. (Reprinted from [225]pgyright 2000, with permission from Elsevier.) In
annealed films no structures were observed. (Regdirfrom [226] with kind permission of Springer
Science+Business Media.) ¢) Treatment with ArFrarcilaser generated fibrillar structures on biaXjal
oriented PET. (Reprinted with permission from [22QJopyright 1986 American Chemical Society.) d)
Exposure to KrCl excimer lamp formed ridges on kil oriented PET films. (Reprinted from ref. [319
with permission from John Wiley & sons, Inc.)
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6.6 Influence of polymer chemical structure

The chemical structure of the macromolecule stipnigifluences the interaction
pathways of the plasma species with the materidfef@nt RIE and chemical etching
rates are expected from different polymers. Accuaydio the literature, polymers with
oxygen in the backbone are generally the most ptibbe to oxygen plasma degradation,
particularly those connected with aliphatic chaji88]. Polyolefins and polymers
containing aromatic functionalities are among thestrRIE resistant organic materials.
The superior etch resistance of aromatic polymettributed to the energy stabilizing
effect of the phenyl ring as well as its ability dot as free radical sink, which further
inhibits oxidative degradation. Siloxane containingaterials are probably the less
susceptible to degradation with oxygen plasmasleTab summarizes reported etching
rates from the literature for different polymersithilustrate these tendencies. Although
plasma parameters change for each investigataes, elvident that the etching rate of
PMMA is considerably higher than that of PET. P8 &TFE show very slow etching

rates and PDMS does not show any appreciable wigightupon plasma treatment.

Tab. 11: Dependence of etching rate of differemympers on plasma conditions.

Polymer | Process gas| Plasma parameter Etching Technique Ref.
rate
[nm/min]
PET Argon 13.56 MHz, 1.0 mbar, 10 W 1 Scanning [224]
13.56 MHz, 0.1 mbar, 10 W 4 force
microscopy
PET Helium 2.45 GHz, 3-10mbar, 25 W, sample | 4.5/6 Atomic [34]
capacitively coupled to a 13.56 MHz force
rf-potential, dc bias -100 V/ -200 V microscopy
PET Oxygen 13.56 MHz, 80 sccm, 40.2 Weight loss | [142]
Air 4.13-10° mbar, 0.051 W/cn 23.4
Nitrogen 10.2
Argon 10.2
PET Oxygen 13.56 MHz, 10 sccm, 0.133 mbarr, 69.0/38.0/ Weight loss | [187]
25 W/50 W/100 W 340.8;
Argon 43.2/7.4/
69.0;
Hydrogen 25.8/69.0/
125.4;
Nitrogen 13.2/55.8/
73.2;
NH; 21.6/34.8/
73.2
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PET Oxygen 2.45 GHz, 0.19 mbar, 210W, 70 sccm 130 eightf loss | [227]
PET Excimer UV| 1 mbar airpA = 222 nm 25 mW/cm; ~ 40 Stylus [219]
radiation* distance between sample and excimer profilometer
lamp =1 cm
PET Oxygen rf, electrodeless discharge process, | = 0.29 Weight loss | [228]
T <70°C, 1.3 mbar, 4 sccm/min
PMMA Oxygen 13.56 MHz, 20 sccm, 4.67-*F0mbar, | 550 (thermal| Stylus [203]
0.75 W/cni bonding) —| profilometer
2000;
250 (thermal
Argon bonding) -
550
PTFE Oxygen rf, electrodeless discharge process, | ~ 0.06 Weight loss | [228]
T <70°C, 1.3 mbar, 4 sccm/min
PMMA Oxygen Duo-Plasmaline, 2.45 GHz, 0.15 mbars 380 Profilometer| [229]
power from both ends of quartz tube
600 W + 650 W
PMMA Oxygen rf, electrodeless discharge process, | = 0.37 Weight loss | [228]
T <70°C, 1.3 mbar, 4 sccm/min
PMMA Oxygen Inductively coupled rf discharge, 13.56= 1330 Weight loss| [230]
MHz, 100W, 1 min, 40 sccm-
pressure unknown
PS Oxygen rf, electrodeless discharge process, | = 0.25 Weight loss | [228]
T <70°C, 1.3 mbar, 4 sccm/min
PDMS Oxygen 13.56 MHz, 200 W, 0.03 / 0.08 mhab, Profilometer | [231]
60 min + optical
microscopy
(cross
sections)
LDPE Oxygen rf, electrodeless discharge process, | ~ 0.56 Weight loss | [228]
T <70°C, 1.3 mbar, 4 sccm/min
PE Ultraviolet- | fused quartz low-pressure mercury | 3 —27 Weight loss | [208]
ozone lamp (depends on
crystallinity
of sample
and distance
to lamp)
PE Ch 13.56 MHz, 48-49 W, 0.06-0.07 mbar 35-5 Weight loss | [209]
(depends on
crystallinity)

Using these data and our experimental observa(gatiion 5.3.3), we could not find any

correlation between fibril formation, polymer chetny and etching rate. The analysed

polymers also differ in their microstructure (cjéhity and orientation), but this could
not be related to fibril formation either. PS, PMMA PDMS did not form fibrils under

our plasma conditions, but other authors have tegdaimilar structures under different

plasma conditions (fig. 80) [28, 156, 162]. For @amson, a Thermanox film was treated
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under exactly the same conditions as PMMA [28] byMnzert. Here, the fibrillar
structures look very similar to our results. Thendnsions are the same. Plasma

parameters obviously also play a major role instinecture formation mechanism.

PD

A v
i c ?s

a mixture of Ar and © (Reprinted from [31] with permission of the OptiGociety of America.) b) PS
after Ar+O, +CF,4 plasma. ([156]. Copyright Wiley-VCH Verlag GmbH @o KGaA. Reproduced with
permission.) c) PDMS after gblasma. (Reproduced from ref. [162] with permissimm IOP Publishing
Ltd.) d) PET treated by P. Munzert (Fraunhofer ingé for Applied Optics and Precision Engineering
IOF, Jena) under the same conditions and in theespl@sma chamber as a).

6.7 Structure formation mechanism

Different mechanisms of fibril formation in polynseupon plasma treatment have been

formulated in the literature. With PET, the followgi mechanisms have been postulated:

- Differential etching of crystalline and amorphousains [142]
- Dewetting of a polar fluid film of oxidized low metular weight fragments in
small drops that act as etch masks [24]

- Redeposition of degraded material in atmosphesasrmphs [232]

For other polymers further mechanisms have also dessussed:

- Differential etching of crystalline and amorphousrdhins in cellulose fibres [22]
and PP [33]

- Sputtered Al particles from the plasma reactor Wl redeposit onto the surface
of the polymer and act as masks during plasma regcbf PMMA and PEEK
[233]
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Anisotropic ion bombardement of the polymer surfaséng to local variation in
curvature [156]. Experiments were performed on spated PMMA, PS, PVDF,
PEDOT, PPY and photoresist materials

- Spontaneous perturbation and topography formatfoa thin film of polymer
melt as a consequence of surface instabilitiescedby the electric field [153-
155]

- No reference to any mechanism [27, 28, 158, 165]

Up to now, none of the reported work has been &blprove their hypothesis with
convincing experimental data. Comparison betweeahoas is difficult, since plasma
chambers and operating conditions vary from autbauthor. In addition, the polymer
samples used for their analysis are usually comalexad there is no exact information

about their thermal and mechanical pretreatmettt@presence of additives or fillers.

Under our experimental plasma conditions, the tesiiow a clear correlation between
the polymer microstructure and the surface topdgrafhat strongly supports the
hypothesis of a differential etching mechanism IiBTP where the thermal and
mechanical pretreatment of the film defines thalflopography. Our attempts to analyse
the internal structure and composition of the Rbmvith TEM could have provided
important information to consider or refute the eéwg, redeposition, Al-sputtering or
surface-instabilities hypothesis. In the first thigases a different chemical composition
of the tip and the rest of the fibril should haeeb observed. In the last case, chain flow
under the electric field should yield fibres formda/ highly oriented chains.

Unfortunately our TEM results were not clear enotgghonfirm these ideas.

6.8 Potential of plasma as a templateless pattermgrtechnique

Fibrillar structures with different dimensions hdween generated by varying the plasma
parameters and the thermal and mechanical hisfottyeoPET sample. By orienting the

polymer film, fibrils could be aligned in a partlen direction. Moreover, tilted fibrils
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could also be obtained. These results show thatmaaetching can be successfully used

to create nanofibrilar patterns with controlled dimsions on different materials.

Our results have demonstrated that fibrillar pageria plasma etching can be obtained
on substrates with different geometries, such asedusubstrata or threads. Plasma
treatment could also be applied to prepatternedsfito obtain hierarchically arranged
nanofibrils if the prepatterned polymer film hag @dequate morphology. Fig. 81 shows
SEM images of preliminary experiments on plasmaepaing a PET film prepatterned
with micropillars obtained by hot embossing. Filarilnanotructures were found on the

top and on the walls of the micropillars. Similasults were obtained with PDMS films

using fluorine plasma under conditions adapted ftioenliterature [48, 164].

| 5 pm
ig. 81 Hierarchical structures a) on PET genemtby hot embossing and posterior oxyg plasma
treatment; on PDMS after soft lithography and swjsmt b) Ar and then GFplasma, and c) CF+ O,
plasma treatment. d) Higher magnification of a Riitropillar surface, €) and f) higher magnifiaati of

b and c.

Plasma treatment is easy, rapid, cheap and fdielible. It can pattern large area
samples (depending on the size of the electrodd) mMgh aspect ratio fibrils at low cost.
None of the available nanopatterning techniquesrsffsuch flexibility. A better
understanding of the parameters dictating struaierelopment is still required in order

to control and predict fibril formation, densitycadimensions.
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6.9 Properties of fibrillar structures

Oxidative plasma treatment of PET films produceghlyi hydrophilic surfaces as a
consequence of incorporation of polar oxygen atonthe surface composition and the
increase in roughness. Upon storage, hydrophiliaityhe surface decreases with time
(*hydrophobic recovery”) [187, 201, 234].

Perfluorination of PET fibrillar surfaces after 2@inutes plasma treatment made them
highly hydrophobic and showed very low adhesiontewdroplets effectively rolled off.
Slippery surfaces are described by the Cassie-Béxtery that models surfaces with a
topography such that water cannot deeply penedradevet: air is trapped in the grooves
and the water droplet is suspended across thecsugfaotrusions. Shorter plasma
treatment times also created hydrophobic surfaceghe droplet remained attached to
the surface (Wenzel regime). The transition fromn?é to Cassie-Baxter behaviour
occurs between 10 and 20 minutes as a consequést®my collapse of the fibrils that
dramatically reduces the solid-liquid contact afg=e images fig. 59i, I). Other authors
have also found superhydrophobic and slippery sasfaupon plasma treatment and
fluorination of PS [27, 158].

Nanofibrillar surfaces showed very low adhesion whempared to flat PET films. The
low density of fibrils on the surface accounts éosignificant reduction in the effective
contact area and, therefore, for low adhesion.il@bisurfaces, as in the case of gecko
setae, have been shown to increase adhesion assaqcence of the high number of
contact elements. However, gecko setae are much densely packed than our fibrils
and they are placed on a compliant substrate wémetbles good contact with a counter
surface. This is not the case for our fibrils, whehowed condensation and were attached

to a hard PET backing layer.

The fibrillar surfaces displayed higher frictionath flat surfaces in the presence of
roughness. For friction of non-adhesive surfacesom@ing to Amontons’s law, the
friction force is directly proportional to the reatea of contact [235]. With increasing
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substrate roughness, the contact area betweenlahé”ET film and the substrate
decreases, which explains the decrease in friatmefficient of the flat PET film. In
contrast, the fibrillar topography allows adaptatim multilevel roughness. Here, the
fibrils get stuck between the surface asperitiethefrough substrates so movement of the
film is hindered. This effect increases with in@i@g roughness. Therefore, the friction
coefficient increased with surface roughness of ghbstrate and structured samples

demonstrated a higher friction coefficient compaietlat analogues.

For other nanostructured materials, measurementieofriction coefficients were also
performed. PMMA containing fibres with a diametdratbout 250 nm and a length of
about 300 nm showed a friction coefficient betw@p5 and 0.33 while flat PMMA

exhibited a friction coefficient of 0.63. Measurartse were performed with an atomic
force microscope (lateral force microscope mod&)gia soda lime ball with a radius of
0.5 mm under reciprocating motion with a speed ofrt/s and a load of 3 mN [19]. The
friction coefficient was calculated from the sldpem the plot of friction force versus the

applied normal load.

A friction coefficient of greater than 5 at norniahds of 8 kPa were demonstrated for
polypropylene fibers with a diameter of 0.6 um anéngth of about 20 um [236]. Static
friction measurements were performed on a tradiigulley apparatus using a glass
slide as substrate. The shear load was increaddslicing occurred. The significant
increase in friction coefficient compared to thet thnalogue( = 0.3) is explained by the
high compliance of the high aspect ration fibeis tllows significant interfacial contact

even under light pressure.

Friction experiments performed with vertically alegd carbon nanofibers embedded
inside polyurethane (diameter between 50 and 150emgth 5 pm) on a custom friction

and adhesion measurement system using a glass pghemasresulted in a friction

coefficient up to 1.0. Longer fibers (25 pm) grown a silicon substrate showed a
friction coefficient of 2.2 [237].
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Different methods, substrates and substrate rosghmeere applied to determine the
friction coefficient so it is difficult to comparthe results. Nevertheless, one trend is
obvious. The higher the aspect ratio of the fibtile higher is the friction coefficient.

Fibrils are more compliant and can adapt betténeécsurface roughness.

A difference in friction coefficient for tilted fitils was expected, similar to gecko setae
[238]. Arrays of angled polypropylene microfibersoowed an apparent shear stress of 0.1
and 4.5 N/crhwhen sliding on a glass surface along and agé#iesinicrofiber direction
[239]. In our samples, no significant variationfiittion coefficient with fibril direction
could be detected. More measurements are neceBsasumably, it is better to measure
the friction force than the friction coefficient.oMever, this was not possible with our
slide.
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7. Summary and Outlook

Oxidative plasma treatment of PET surfaces was tesgdnerate homogeneously
distributed nanofibrillar structures with diameteetween 15 and 40 nm, interfibrillar
distances between 20 and 50 nm and heights uptto depending on the plasma
conditions. Whereas fibril diameter and distancel therefore fibril density, could not

be varied over a large range, fibril length couddnodulated between 20 nm and 1 pm
by controlling the etching rate by either decregdire pressure in the plasma chamber or
increasing power, sample temperature or treatnmaet When the aspect ratio of the

fibrils approached three, they started to sticletbgr and formed bundles.

A clear correlation between the polymer microsutet etching rate and surface
topography after plasma treatment was establisk¢ching proceeded faster in the
amorphous sample at short plasma treatment tingeéoantemperatures. Longer plasma
treatments resulted in an increase in the electtedwerature and accelerated ageing
effects in the amorphous sample. As a consequehdentgerature-induced domain
densification and ordering processes belgwtfie etching rate of the amorphous sample
was slowed down in those conditions. Fibrils websesved in all PET samples, but
crystalline samples (either thermally or mechahydalduced) showed better defined and
homogeneously distributed fibrils at lower plasmesatment times. Uniaxially stretched
PET showed fibrils aligned perpendicularly to theetehing direction. Our data firmly
support the idea that the fibrillar structure candontrolled to a certain extent by the

microstructure of the sample.

PET surfaces exhibited hydrophilic behaviour afteygen plasma treatment, even at
short plasma treatment times. Coating of the sarf@th a perfluorinated layer led to
hydrophobic surfaces. By changing the fibril dimens with the treatment times, a
transition from Wenzel to Cassie-Baxter behaviadrere the drop rolls off the surface,
occurred.
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The nanofibrillar surfaces showed very low adhesiompared to flat analogues. The
low fibril density and the hard backing layer whigtevents adaption of the fibrils to the
substrate seems to drastically reduce the effecomeéact area and, therefore, adhesion.
In contrast, fibrillar structures displayed higlfiection than flat samples on rough

surfaces. No influence of the fibril tilt angle fiiction behaviour was detected.

There is still a lot that can be done for futurgemments on plasma structured PET
samples. To confirm our hypothesis of a differdnéthing mechanism in PET other
theories, such as sputtered particles from then@da®actor wall which could act as an
etching mask, should be eliminated by experimensystematic investigation of other
polymers is necessary to find a consistent explamdor fibril generation by plasma

treatment. Additionally, it would be interesting &xtend experiments with oriented

samples for a better control of the sample micuastire and the fibrillar structure.

The properties of the nanostructured surfaces dhioellinvestigated further. Before the
samples can be used in applications the mechastahility of the nanofibrils has to be
studied. As the fibrils are very similar to the smavelength structures found in moth
eyes [49] and artificial moth eye structures [28), the antireflection properties should be
tested as well. Adhesion properties might be endgwhihy transferring the nanofibrils to a
soft backing layer, for example by spin-coatindnia PET layer on a PDMS surface and
subsequent plasma treatment. Further friction nreasents are necessary to investigate

the influence of fibril length and tilt angle ondtion force.

According to the results we obtained in our worasma treatment of polymer surfaces
promises potential as a technique for templatgdesterning. It is easy, rapid, cheap and
fairly flexible. It can pattern large area sampléspending on the size of the electrode).
Perpendicular and tilted fibrils can be generatedubstrates. Curved substrates can also
be patterned. It can be combined with other midna¢ation techniques (e.g. moulding)
to obtain hierarchical structures. This technigae be applied to different materials, but

the plasma processing parameters need to be atljosteach polymer material.
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8. Appendices
8.1 Appendix A: Plasma treatment of different PET fims

The surface structures of semicrystalline biaxialyented PET films from different
suppliers were compared. All films were plasmatgdaat 100 W and 0.1 mbar. In
figures 82 and 83 the resulting surface structwfesiostaphan RN and Mylar A are
depicted.

a

' » Ta L

Fg. 82: Com m Hdtaphan-RN treatedd) 10 s, b) 30 s, ¢) 1 min, d) 4 min, e) 10 raimd
f) 30 min at 100 W and 0.1 mbar. Pictures a-c pkdew, d-f 30° tilt.

min at 100 W and 0.1 mbar. Pictures a-c plain vidvlr 30° tilt.
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8.2 Appendix B: Cross sections of commercial PET tbads

A commercial thread was plasma treated betweendl2@nminutes at 100 W and 0.1
mbar. Subsequently, the threads were coated wiim5AuPd, embedded into epofix

resin and cut with ultramicrotomy. Cross sectiohthe thread are depicted in fig. 84.

a 0 min

B L e S WL S e —— e

Fig. 84: Cross sections of commercial PET threddrgflasma treatment at 100 W and 0.1 mbar.
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8.3 Appendix C: Chemical structures of plasma tread polymers

Tab. 12: Chemical structure of plasma treated p@gsn

Polymer | Chemical structure

PET

0]
PEN H H o "
T ¢
cC—Cc—0—cC .

PBT

FF F

Teflon cl;_lc cl;_

PFA | | n |
FF F

F F

Teflon (|:—|c
PEF | |
F F
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10. Deutsche Kurzzusammenfassung der Dissertation

10.1 Motivation und Literaturiiberblick

Die Natur hat viele alltaglichen Probleme gel6sie dngenieure in der Technik
beschéftigen. Deshalb dienen Pflanzen und TierdViggischheit seit langem als Vorbild
fir innovative Ideen. Im Laufe der Evolution wurdéerlseitige Oberflachen entwickelt,
um sich besser an die Umgebungsbedingungen anempdskannte Beispiele sind die
Haifischhaut (Reduzierung des Reibungswiderstaf$), der Lotus-Effekt (selbst-
reinigende Oberflachen) [55-58], die Mottenaugentqjeiegelte Oberflachen) [49, 50]
oder auch die Geckohaftung [1, 66, 72, 74]. Die eéFiles Geckos sind mit feinen
Hafthaaren bedeckt, die sehr stark haften, ab&adem einfach abzulésen sind und keine

klebrigen Rickstande hinterlassen. Zudem sind diledthaare selbstreinigend.

Inspiriert von der Natur entwickelte sich ein grelkateresse, Mikro- und Nanostrukturen
auf technische Anwendungen zu Ubertragen, um diegeential zur Verbesserung von
Produkten zu nutzen und zum Beispiel ein Gecko-&amd herzustellen. Innovative
Entwicklungen im Bereich der Mikro- und Nanotectoge haben dazu gefihrt, dass
eine groRe Bandbreite an Strukturierungsmethodem \illimeter- bis in den
Nanometerbereich entstanden ist. Dazu zahlen zunispiBe Methoden wie
Lithographieverfahren [76-81, 89-93], Rastersond&mmskopie [82, 95], Transferdruck
[118-123], Strukturierung mittels Instabilitdten imelektrischen Feld [82, 125],
kontrollierte Faltenbildung [42, 43], oder die Utsagung eines Musters mittels

Plasmaatzen [11, 128]. Jede einzelne Technik hdividuelle Einschréankungen, es
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werden eine spezielle Ausstattung wie ReinrAumeskigla oder Template bendétigt, der
Herstellungsprozess ist langwierig, teuer oder aunflig, oder es lassen sich nur sehr
kleine Bereiche strukturieren. Ziel dieser Arbeites, eine einfache, billige und schnelle
Methode zu entwickeln, mit der geckodhnliche Nandstiren auf Polymeroberflachen
hergestellt werden konnen. Das Plasmadatzen vonreobperflachen scheint dafir eine
geeignete Technik zu sein. Wahrend der Plasmabkimndwird die Oberflache
gereinigt, abgetragen, Polymerketten vernetzt ure @berflachenchemie verandert
[139]. Dabei werden im Polymer amorphe Bereichekstaabgetragen als kristalline
Bereiche, was zu einer Aufrauung und Strukturierdeg Oberflache fuhrt [139]. Es
wurden Versuche an einer Vielzahl von Polymeren R&ET [24, 142-146], PE [33],
Cellulose [22], PMMA [28, 29, 31, 147, 148, 150[[FE [35-37, 151], Fotolack [153-
155], oder PDMS [40-42, 159, 160] durchgefiihrt. bergestellten Strukturen wurden
auf Adhéasion, Superhydrophobizitat oder Entspiemgduermdgen untersucht. Eine
systematische Untersuchung auf den Einfluss dezelian Plasmaparameter auf die
entstehenden Nanostrukturen wurde in der Literéisher nicht durchgefuhrt. Der
Schwerpunkt dieser Arbeit liegt daher auf einerig/een Untersuchung des Einflusses
der Plasma- und Polymerparameter auf die EntsteliangNanostrukturen. Ziel ist es,
geckoahnliche haarige Strukturen herzustellen ued Herstellungsmechanismus zu
verstehen sowie zu kontrollieren. Fir die Versushgde das Polymer Poly(ethylene
terephthalate) (PET) als Modellsystem ausgewahis der Literatur war bereits bekannt,
dass es mit Hilfe eines Sauerstoffplasmas mogéithauf PET Nanosaulen herzustellen,

die den Geckohafthaaren &hneln [24].



10 Deutsche Kurzzusammenfassung der Dissertation n

10.2 Experimentelles

Nachdem die Herstellung von saulenartigen Nanostrek auf kommerziell erhaltlichen
PET-Folien durch reaktives lonendtzen mit Saudrstgélungen war, wurden
systematisch zuerst die Plasmabedingungen vaniad danach der Einfluss der
Polymerparameter auf die Saulenbildung untersubigende Plasmaparameter wurden
analysiert: Prozessgas, Prozessdruck, Leistung, arigidngsdauer und
Elektrodentemperatur. Die Proben wurden anschl@Ren mittels
Rasterelektronenmikroskopie untersucht. Fur die temen Versuche wurden
Plasmaparameter verwendet, mit denen mdglichstelanmgl freistehende Nanosaulen
hergestellt werden konnten. AnschlieRend wurdeEdeflul3 der Materialeigenschaften
analysiert. Sowohl kommerzielle als auch selbsgéstellte Folien unterschiedlicher
Kristallinitdt wurden plasmabehandelt und auf Géusgerlust und entstehende
Oberflachenstrukturen untersucht. Des Weiteren evalet Einflu3 der Orientierung der
Polymerketten durch uniaxiales und biaxiales Swackauf die Anordnung der
Nanostrukturen analysiert. Mit Hilfe uniaxialer Ziggsuche an selbsthergestellten
Filmen wurden Proben mit unterschiedlicher uniaedi@rientierung hergestellt. Die auf
diesen Proben entstandenen Nanosaulen wurden nehdruf kommerziell erhaltlichen
Faden und Filmen verglichen. Zudem wurde der Essflder chemischen Struktur auf
entstehende Nanostrukturen untersucht. Verschiedaigmerfilime wurden mit den
gleichen Plasmabedingungen behandelt und die Eigggbmit der Literatur verglichen.
Im letzten Teil der Arbeit wurden die Eigenschaftir plasmastrukturierten Proben in
Bezug auf Benetzbarkeit der Oberflache, Adhasiod Reibung untersucht und mit

glatten Folien verglichen.
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10.3 Ergebnisse und Diskussion

Durch reaktives lonenatzen konnten Nanostrukturdform von Kornern und Saulen auf
der PET-Oberflache hergestellt werden. Abhéngig vaten verwendeten
Plasmaparametern wuchsen aus den Kornern mit zwereten Behandlungszeit
Nanosaulen. Die Lange der Nanosaulen stieg daliesteigendem Sauerstoffgehalt im
Prozessgas an. Deshalb wurde in den weiterfihreM#gauchen ausschlief3lich mit
reinem Sauerstoffplasma gearbeitet. Durch wiegenPdeben direkt vor und nach der
Plasmabehandlung wurde ein Gewichtsverlust wahretet Plasmabehandlung
festgestellt. Das bedeutet, dass die PET-Oberfliachesrwartet durch einen Atzprozess
abgetragen wurde. Eine systematische Untersuchengeitizelnen Plasmaparameter
ergab, dass sowohl der Gewichtsverlust als auchSdiglenlange mit zunehmender
Behandlungsdauer, zunehmender Leistung, steigdtrddentemperatur und sinkendem
Druck zunahm. Die entstandenen Strukturen erraichieen Durchmesser zwischen 15
und 40 nm und eine Lange bis zu 1 um. Eine AndemmgPlasmaparameter hatte
keinen Einfluss auf Durchmesser und Abstand dele8ais zu einem Aspektverhéltnis
(Verhéltnis von L&nge zu Durchmesser) von 3 entlgarfreistehende Saulen. Stieg das
Aspektverhéltnis weiter an, wurden die Saulen Imktaund begannen

zusammenzukleben.

Um mehr Uber den Einfluss der MaterialparameterdaiEntstehung der Nanosaulen zu
lernen, wurden Versuche mit PET-Proben unterscieell Kristallinitdt und
Orientierung der Polymermolekile durchgefuhrt. Daxwrden amorphe und

teilkristalline PET-Filme mit Hilfe einer Pressergestellt. Die Filme wurden bei 100 W,
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0,1 mbar und Raumtemperatur fiir verschiedene Zplesmabehandelt. Sowohl auf dem
amorphen als auch auf dem teilkristallinen Filmstarden &hnliche Kérner und Saulen.
Bei kurzen Behandlungszeiten von bis zu 5 Minutearen die Strukturen auf dem
amorphen Film allerdings weniger deutlich zu erlamals auf dem teilkristallinen Film.
Dieser Unterschied verschwand bei Behandlungszeiben10 Minuten und mehr. Der
Gewichtsverlust durch die Plasmabehandlung warabsrphen Proben bei niedrigen
Behandlungszeiten (bis 10 Minuten) hoher als in tdékristallinen Probe. Wurde die
Plasmadauer erhdht, so glich sich der Gewichtssedn. Ab 45 Minuten Plasmadauer
anderte sich das Verhalten der amorphen Probe. Muwmde ein geringerer
Gewichtsverlust als in der teilkristallinen Proleobachtet. Dies deutete darauf hin, dass

sich die Morphologie der amorphen Probe wahrendPtesmabehandlung anderte.

Durch Temperaturmessungen wahrend der Plasmabeingndiurde ein Ansteigen der
Elektrodentemperatur beobachtet, das durch denirknetichen Beschuss mit lonen
verursacht wird. Nach einer Stunde Behandlungsded#ihte sich die Temperatur von
24°C auf 80°C. Da die Proben wahrend der Plasmalodlnrag auf dieser Elektrode
positioniert waren, erhdhte sich die Probentempeenfalls. Mittels DSC-Messungen
wurde festgestellt, dass die Glastibergangstempefgtder amorphen Probe bei 75°C
und die Kristallisationstemperatur. Dei 150°C lagen. Eine Kristallisation der Probe
wahrend der Plasmabehandlung konnte ausgeschlossaden. Weitere DSC-
Messungen der plasmabehandelten amorphen Filmdemgigass es wahrend der
Plasmabehandlung zu einer physikalischen Alterueg @&olymers kam. Dadurch

entstanden verdichtete amorphe Bereiche, die véiamgine geringere Atzrate als das
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umgebende amorphe Material haben und dadurch &ienlistehenden Nanostrukturen
verantwortlich sein kénnten. In teilkristallinenoBen konnten keine Alterungseffekte
festgestellt werden. Da kristalline und amorpheeRdre aber ebenfalls unterschiedliche
Atzraten aufweisen, dienen in diesem Fall vermhtliie Kristallite als Atzmasken,

durch die die beobachteten Nanostrukturen entsiehen

Die Orientierung der Molekulketten wurde als wedteMaterialparameter untersucht.
Dazu wurden uniaxiale Zugversuche bei 100°C mibstgemachten amorphen und
teilkristallinen PET-Filmen durchgefuhrt. Ein Teler Proben wurde im Anschluss an
den Zugversuch im eingespannten Zustand bei elenfaD0°C ausgelagert.
Probenstiicke aus dem gestreckten Bereich und dejekdemmten Ende wurden fur 10
Minuten bei 100 W und 0,1 mbar plasmabehandelts Giemoglichte den direkten
Vergleich von orientiertem und nichtorientiertem oBenmaterial mit gleicher
Temperaturbehandlung. In nicht orientieren Prob@standen Nanosaulen, die keinerlei
Vorzugsrichtung aufwiesen. Nanosaulen mit gleigaegif3e und Verteilung wurden auch
in uniaxial gestreckten und anschlieRend ausgdlgdProben gefunden. Es konnten
keine Unterschiede zwischen nicht orientierten BEnobsowie gestreckten und
ausgelagerten Proben festgestellt werden. Durch Aaslagern kommt es zu
verschiedenen Effekten wie Kettenrelaxation, Khis@ion amorpher Bereiche,
Reorganisation von amorphen und kristallinen Bémicund Ausheilung von Defekten.
Dadurch relaxiert die Mikrostruktur der PET Probeduwnahert sich dem thermischen
Gleichgewichtszustand an. Die Probe vergisst daeieinem gewissen Teil ihre

mechanische Vorbehandlung. Wurden die Proben naah 8treckvorgang direkt aus
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dem Gerat ausgebaut und auf Raumtemperatur abgeksinl zeigte sich eine
Orientierung der Nanosaulen senkrecht zur Streckng. Diese Orientierung wurde
sowohl in amorphen als auch in kristallinen Filmesobachtet. Die Frage, warum sich

die Saulen senkrecht zur Streckrichtung orientiesenoch ungeklart.

Eine Plasmabehandlung von kommerziell erhaltlicleanorphen PET-Faden fluhrte
ebenfalls zur Entstehung von Nanosaulen auf der Blexsma zugewandten Fadenseite.
Auch hier wurde eine Orientierung der Nanosaulerkieeht zur herstellungsbedingten
Streckrichtung beobachtet. In biaxial gestreckkemmerziell erhaltlichen Folien wurde

keine Orientierung der Nanosaulen gefunden.

Vergleicht man orientierte mit unorientierten Pmopso fallt ein Unterschied ins Auge:
Die Nanosaulen in den orientierten Proben sind hduwellenartige Erhdhungen
miteinander verbunden und Proben ohne Orientiezaigen keinerlei Verbindungen
zwischen den Saulen. Es wird vermutet, dass sittremél des Streckvorgangs orientierte
amorphe Bereiche bilden, deren Atzrate im Plasmhehdst als von kristallinen

Bereichen, aber auch geringer als von nicht oeeteim amorphen PET.

Teilkristallines PET kann nicht als einfaches ZWwéiasen Modell bestehend aus
amorphen und kristallinen Bereichen beschriebendearer Versuche mit uniaxial
gestrecktem amorphen PET zeigen, dass gleichzditigtalline, amorphe und
mesomorphe Phasen in einer gestreckten Probe gemliddas Verhaltnis dieser Phasen

hangt dabei von den Zugbedingungen und der Tempeaht[214]. Wir vermuten, dass
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die Atzraten diese mesomorphen Phasen im Plasnsthzeni denen der rein amorphen

und kristallinen Bereiche liegen.

Es wurde versucht, die Strukturierung mittels Plaseandlung auf andere Polymere zu
Ubertragen. Die chemische Struktur des Polymermthesst die Wechselwirkung des
Materials mit dem Plasma, daher werden untersdbfesll Atzraten von den
verschiedenen Polymeren erwartet. Auf den PolymBieN und PBT, die eine ahnliche
chemische Struktur wie PET aufweisen, konnten Heiclgen Plasmabedingungen
Nanosaulen hergestellt werden. Auch auf zwei uakéesllichen Teflonfilmen gelang die
Erzeugung von Nanosaulen, die deutlich langer walsnauf PET. Auf PE, PS und
PMMA entstanden kérnige Strukturen in der GrofRenondy von einigen 10 bis
mehreren 100 nm, wahrend sich auf der Oberflache RDMS ein wellenformiges
Muster bildete. Aus den vorliegenden Ergebnisserd uem Vergleich mit
Literaturwerten konnte keine Beziehung zwischen yierchemie, Mikrostruktur,
Atzrate und Saulenentstehung hergestellt werdeer &b konnte gezeigt werden, dass
Plasmastrukturierung auch auf andere Polymere asmgget werden kann. Um
Nanosaulen zu erzeugen muissen die Plasmaparaesitehjauf jedes einzelne Material

abgestimmt werden.

Unsere Ergebnisse zeigen einen deutlichen Zusamangntwischen der Mikrostruktur
und der entstehenden Oberflachentopographie. Dadlemen wir an, dass amorphe,
teilkristalline und mesomorphe Bereiche untersdiibd Atzraten im Sauerstoffplasma

aufweisen und dadurch die beobachteten Nanosterkteintstehen. Die thermische und
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mechanische Vorbehandlung der Proben bestimmt mtigidtige Oberflachenstruktur.
Allerdings ist noch nicht ganz klar, warum die Nsmokturen in amorphen und

teilkristallinen Proben sehr ahnlich aussehen.

Im letzten Teil der Arbeit wurden die Eigenschaftéer strukturierten Oberflachen
untersucht. Unbehandelte PET-Filme haben einen &iesstaktwinkel von etwa 60°.
Durch die Behandlung mit einem Sauerstoffplasmadeutie Oberflache stark hydrophil
(= 0°). Durch Beschichtung mit einem Fluorsilan keneine hydrophobe Oberflache
hergestellt werden. Wurde nun die Plasmabehandldigy,zu einer Erhohung der
Oberflachenrauigkeit fuhrt, mit der Beschichtungrkmniert, konnte der Kontaktwinkel
weiter erhoht werden. Bei einer Plasmadauer zwis¢heind 10 Minuten konnten die
Wassertropfen die Oberflache benetzen. Wurde dasniddauer auf 20 Minuten und
mehr ausgedehnt, war eine Benetzung nicht mehriambghd die Tropfen rollten von
der Oberflache. Durch die Kombination von Plasmabelung und der Beschichtung
der Oberflache mit einem Fluorsilan konnte ein kefffekt auf der PET-Oberflache

erzeugt werden.

Adhéasionsmessungen wurden mit flachen und nandstraken Filmen durchgefiihrt.

Die glatten Proben zeigten eine Adhésion im Bereietrerer hundert uN, wahrend die
Obergrenze der strukturierten Proben im BereichM@pN lag. Die niedrigen Haftwerte
lassen sich durch die geringe Dichte der Nanosauhehder dadurch stark reduzierten

Kontaktflache erklaren. Gleichzeitig verhindert dteife PET-Folie eine Anpassung der
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Saulen an den Untergrund, was die Kontaktflachétzlish verringerte. Eine Folie mit

geckoahnlichen Hafteigenschaften konnte somit teidtght hergestellt werden.

Reibungsmessungen ergaben bei flachen Filmen eibealAne des Reibungs-
koeffizienten mit zunehmender Substratrauigkeithre&d bei strukturierten Proben ein
Anstieg zu beobachten war. Dieser Anstieg lassh gigit einer Zunahme von
Verhakungen zwischen den Nanosaulen und der sti@getnebenheit der Substrate

erklaren.

Insgesamt konnte im Rahmen der vorliegenden Ade=eigt werden, dass es mdglich
ist die Oberflache von PET mittels einer Plasmabdheng zu strukturieren. Dabei
konnten sowohl Korner als auch Saulen mit einemcbmesser von 15 bis 40 nm und
einer Lange bis zu 1 pm hergestellt werden. Diel®trierung ist einfach und schnell
und aul3er einem Plasmagerat wird kein weiteres firbbendtigt. Es kdnnen grol3e
Flachen behandelt werden und zudem ist es mdoglicht mur flache sondern auch
gekrimmte Proben zu strukturieren. Die Polymernskrcktur, die durch thermische und
mechanische Vorbehandlungen beeinflusst wird, llesst die erhaltene Oberflachen-
struktur, da amorphe, kristalline und mesomorphasBh unterschiedliche Atzraten
aufweisen. Es wurde gezeigt, dass diese Strukimgsmethode auch auf andere
Polymere angewendet werden kann. Dabei mussernndielieen Plasmaparameter jedoch
gezielt auf das jeweilige Material abgestimmt werd®urch die Kombination von

Plasmabehandlung und der Beschichtung mit Fluorskannten superhydrophobe

Oberflachen hergestellt werden. Strukturierte Pmobzeigten im Vergleich zu
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unbehandelten PET-Filmen eine sehr geringe Adha&iore geckoahnliche Klebefolie

konnte nicht hergestellt werden.



