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Abstract

Biomimetics offer the possibility of biological systems simulation on artificial
surfaces, with desired properties. There are many attempts to fabricate artificially these

surfaces.

The present thesis comprises two parts. The first one is the fabrication of
micropatterned silicon substrates via ultra-short pulsed laser irradiation under different
experimental parameters, including laser fluence and irradiation environment. The
second part is the fabrication of hierarchical micro-nano-patterned substrates. These
comprise micro-patterned silicon substrates which have been nano-decorated with
spherical gold nanoparticles of various functionalities and sizes. Gold nanoparticles
have been attached via silane chemistry. Both types of substrates have been

characterized with respect to their morphological, wetting and optical properties.

Regarding the micropatterned substrates, the morphological characterization
showed that as the laser fluence increased the roughness of the surface increased as
well. Micropatterned substrates comprised microcones of varying height and density.
Specifically, the density and the height of the micro-features (i.e. microcones)
decreased and increased respectively, with increasing laser fluence. The study of the
contact angle showed that as the surface roughness increased, the substrates became
more hydrophobic. Optical characterization showed that as the surface roughness
increases, the reflectivity decreased, across the range of wavelength (250-2500nm). The
layer of silicon oxide on flat silicon substrates lead to reduction of the reflectance, in
contrast with the case of micro-structured substrates, where silicon oxide layer

increased the reflectivity, in near infrared spectrum.

Regarding the hierarchical micro-nano substrates, SEM analysis confirmed the
successful deposition of the gold nanoparticles on the micropattenred silicon substrates.
Deposition gave a homogenous distribution of single nanoparticles and some regions
of small clusters. All types of the gold nanoparticles (NPs) being tested, which carried
diverse functionalities (e.g. oligopeptides, including the CALNN and CALNN-RGD
and organic moieties, including the stabilizer citrate and DMAP) have been
successfully attached on the surfaces of the micropatterned silicon substrates.
Remarkably, the NPs covered the whole 3D surface of the micropatterned substrates
giving a distribution that was comparable to that on the flat silicon substrates. The study



of the contact angle showed that the initially hydrophobic micropatterned silicon
substrates became more hydrophilic with the addition of gold nanoparticles . Optical
characterization showed that gold nanoparticles caused a reduction of the reflectivity
of the oxidized micro-patterned silicon substrates.

Finally, both the micropatterned and the hierarchical micro-nano substrates have
been characterized for their use as cell culture platfroms for the growth of neural stem
cells. In the case of the micro-patterned substrates it was shown that the greater majority
of the cells attached preferentially on the medium roughness surfaces. Remarkably,
cells aligned along the major axis of the microcones. This cellular response was more
pronounced in the respective hierarchical substrates which had been decorated with the
RGD cell binding motif.



Iepiinyn

H Buopyntkn mpoceépei ) dvvatdtta TG TPOSOUoinons  Ploloyikdv
CLOTNUATOV GE TEXYVNTEG emQAveleg, pe emBountés 1010t tec. 'Eyovv yivel moAlEC

TPOCSTADEIEG Y10 TNV TEXVNTN KATOGKELT] OLTMV TOV EMPOVELDV.

H mapodoa dwtpipn amotereiton and 6vo pépn. To mpdTo €lvar 1 KOTOGKELN
UIKPOSOUNUEVOV VTOGTPOUATOV TUPLTiov HEC® oakTvoPOANONG pe Aélep vmép-
OTEVOV TOAU®V, VIO SOPOPETIKES TEWPAUUATIKES TOPAUETPOVS, GUUTEPIAAUPAVOUEVIG
™G TUKVOTNTOG eVEPYELNG Kot To TepBdAlov aktivoBolrioc. To devtepo pépog eivar n
KOTOGKELY] TOV  1EPAPYIKAOV  UIKPO-VOVO-  OSOUNUEVOV  VTOGTPOUATOV. AVTEG
TEPLOUPEVOLY PIKPO-00UNUEVE VTTOGTPMOLLATO TUPLTIOV TTOV EIVOL VOVO-O1OKOG UM UEVEL
LLE GOOPIKA VOVOSOUATIOW XPUGOD dPOP®V AELITOVPYIOKY opdodwv Kot peyebav. Ta
VOVOo®UOTIO ¥puoov £yovv cuvdedel péow g ynueiag ciaviov. Kat ot dvo tomot
VTOGTPOUATOV £Yovv yapoaktnpilovior o€ oxéon HE TN HOPPOAOYiD TOVS ,TIC

POy KéS Kot OTTIKES TOVS WOLOTNTEG.

Oocov agopd TIC HKPO-OOUNUEVES EMPAVEIES, O HOPPOAOYIKOS YOPOKTNPIOUOG
£0e1Ee Ot kaBmg N TukvoTNTa EVEPYELOG AE1lep avEavel, aLEAVEL Kot 1) TPOYLTNTO TNG
emeaveog. Ta pikpodounpéva VTOGTPOUATO ELPAVICAY OOUES LKPOKOVAOV TOIKIAOL
vyovug Kot Tukvotntag. [T cuykekpipéva, 1 mokvoTnTa Kot T0 HVIYos TV HKPO-O0UdY
(ONAdT TOV HKPO-KOVAOV) HEWOVOTAY Kol avEAvOTaY avTioTowya, He TNV adENoN ™G
mokvotnTag evépyetag Tov Aéwlep. H pedétn g yoviag emapng katédelée ot Kabog n
TPOOTNTO TNG EMPAVELOS QVEAVETAL, TOL VTOGTPAOUATO £YIVALY L0 VOPOPOPa. O onTiKdg
YOPOKTNPIOUOS  €0eiée  OTL KOBMG M emavewnky tpoyvtnta  ovédvel, 1
OVOKAQCTIKOTNTO LEWOVETOL, GE€ OAO TO EVPOC TOL UNKOVG KVATOS (250-2500nm). To
oTpmdua 0£e1diov Tov TVPLTIOL GE EMiMEdEG EMPAVEIEG TVPLTIOL 00MNYEL GE LEI®OT TOV
OLVTEAESTH] OVAKANONG, O avtifeon He TNV TEPITTOON TOV HKPO-OOUNUEVOV
VTOGTPOUATOV, OOV TO GTPMA 0EEO10V TOL TVPLTiOV AVENCE TNV AVOKAACTIKOTNTO,

070 €YYOG VIEPLOPO PAGLLOL.

Oocov apopd Tig tepapykd dounpéva vrootpopata,n avérivon SEM emPePainoe
TNV EMLTVYN EVOTOOEST] TOV VOVOSOUATIOI®V YPLGOD GTIC KPO-OOUNUEVES ETLPAVELES
nwoprtiov. H evamdBeon amédmoe pioo OpHO10YEVH] KOTAVOU VOVOCSOUOTIOI®V UE
OPIOUEVES TEPLOYEG LIKPDV GLGTAS®V. OOl 01 THTTOL TV VOVOSOUATIOIMY ¥PLGOV TOV

JOKIHACTNKAY, KOl TO Oolot PEPOVY TOIKIAEG AETOLPYIKOTNTESG (.Y OAMYOTENTIONN,



ovuneptrappovouévov twv CALNN kot CALNN-RGD kot opyovikés evmoel,
ocvuneptrappovouévor tov Kitptkov otabepomom ko DMAP) €yovv emttuymdg
ouvoebel eml TOV HIKPOSOUNUEVOV EMPAVEIDYV TOV VTOGTPOUATOV Tupttiov. Eivot
a&100MUEITO OTL TAL VAVOG®UATION YPVGOD UTOPEGAV VO KAADYOVV OAN TNV ETLPAVELL
TOV TPLUGOIACTATOV MKPOOOUNUEVOV VITOCTPOUAT®V OTVOVTOG L0 KOTOVOUN 1) omoia
Nrav cuyKpion pe ekeivn yia ta enineda vrootpm®uaTa Tupttiov. H pedétn g yoviog
EMOPNG KOTESEEE OTL TOL apyIKE VIPOPOPA LIKPOSOUNUEVO VTOCTPOUOTO TLPLTIOL
Eywav 1o vopOeAa pE TNV TPocHnKn vavoowpotdiov ypvcov. O omTikog
YOPAKTNPIGUOG £0€1EE OTL T VAVOSMOUATION YPVGOV EXOVV TNV TAGT VO LELOVOLV TNV

OVOKAQGTIKOTNTO TOV 0EEWOMUEVOD UIKPO-OOUNUEVOD VITOGTPMLOTOG TVUPLTIOV.

Téhog, TOGO 01 UIKPOSOUNUEVEG OGO KoL Ol LEPOPYIKES EMPAVELEG UKPO-VOVO-
TPOYLTNTOG £XOVV YUPOKTNPLOTEL OG VITOCTPAOUOTO KVTTOPIKNG KOAMEPYELNS Yo TNV
AVATTUEN TOV VELPIKAOV PAAGTIKMOV KLTTAPOV. TNV TEPITTOGT TOV HKPO-OOUNUEVOV
VTOGTPOUOTO, delYONKe OTL N peyaAHTEPT TAEOYNPIL TOV KVTTAP®Y GUVIEOVTAL KATH
TpoTiUNon oto vIooTpOUATH pecaioag Tpayvtnroc. Afloonueioto, To KOTTOPO
evBuypappifovtar KaTd UKo Tov KHPLOV GEOVA TOV KPOKOVAOV. AVTH 1] KUTTOPIKN
avtidpacn MTav mo £VIovN) OT0 OVTIGTOLO. EPOPYIKE LTOGTPMOUATA 7OV &l

dwakoounOel pe to potifo RGD.
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1 General overview
1.1 Biomimetic micro/nano functional surfaces

What has wings like a butterfly, skin like a shark, and eyes like a moth? The future of

science...
1.1.1 Biomimetics

Biomimetics (word coined by Otto Schmitt in 1957), or biomimicry (word coined
in 1960 by Jack Steele), based on the effort of people to listen to the nature. The
driving force is the restless perfection of nature, where everything is "tuned" to work
perfectly. Nature is a source of inspiration, since it presents a unique and distinct ways
to solve complex problems. The study and simulation of biological systems with
desired properties is popularly known as biomimetics [Stratakis, E. I. and Zorba, V.,
2010%]. Although biomimetics exists from Daedalus and Icarus, who imitated the
birds, biomimetics has evolved in recent years because of the development of
nanotechnology, which takes impulses from biological systems (both flora as and
fauna) which have surfaces composed of micro- and nano- structures with a special
role , and in general there is a great diversity of surface structures in different sizes.
Currently, a large area of biomimetic research deals with functional micro- and
nanostructures for nanoscale devices, water repellence, self-cleaning, drag reduction
in fluid flow, energy conversion and conservation, high adhesion, aerodynamic lift,
materials and fibers with high mechanical strength, antireflection, structural
coloration, thermal insulation, self-healing, responsiveness, and sensory aid
mechanisms® . All the above applications are based on biological systems and the
excellent functional properties they have, so leading us to continually attempt to

construct operably optimum surfaces such as those found in nature.

1.1.2 Biomimetic fabrication of hierarchical surfaces

The greater range of biomimetic research relates to the construction of functional
micro- and nanostructures on respective surfaces. Since surfaces incorporating
structures of different size scales (micro- and nano-scale) are characterized as
hierarchical . Nature develops biological objects by means of growth or biologically

controlled selfassembly adapting to the environmental condition. Such adaptive and
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optimization of the biological material at each level of hierarchy, so as to yield
outstanding performance [Xia, F., and Jiang, L., 20082]. Biological materials are highly
organized from the molecular to the nano-, micro-, and macroscales, often in a
hierarchical manner with intricate nanoarchitecture that ultimately makes up a myriad
of different functional elements [Alberts B. et al., 2008%]. Similar to all natural
materials, biological surfaces exhibit hierarchical morphology at the micro- and the
nanoscales while the desired functionality is achieved through a tailored synergy of
surface roughness and chemistry [Stratakis E. et al., 2011%]. The hierarchical structure
of biological surfaces, attains considerable interest for the development of
nanotechnology, both in the understanding of such multifunctional systems, and to the

effort to implement, some interesting examples of which are shown in Figure 1.1.

Figure 1.1

Multiscale structure in biology. Four types of interesting biological properties can be found in nature: a)
self-cleaning properties: lotus leaf, duck feather, and mosquitos eye (from left to right),b) mechanical
properties: gecko feet, octopus suckers, and water strider, c) color through structure: peacock feather,
butterfly wings, and beetle shells, and d) optical properties: cicada wings, moth compound eyes, and
sponge spur. In each case the first row shows a photograph of the biological feature, while the second and
third row show scanning electron microscopy (SEM) images of corresponding micro- and nanometer-
scale structures?.
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The two basic manufacturing methods techniques for nanostructures is “bottom up”
and “top down”. In the first one the desired features are constructed from fundamental
building blocks (e.g., self-assembly, sol-gel methods, layer-by-layer deposition),
without the need for patterning. In the contrary in the top down approach material is
produced in bulk which is then shaped into a finished part through a variety of processes
(e.g., casting, molding, rolling). Often the complex hierarchical structures are fabricated

by the combination of the above two methods?,

Various methods have been developed for structuring surfaces and fabrication of
hierarchical surfaces. Specifically, by techniques such as electron — beam lithography
[E. Martines et al., 2008°] , photolithography [J.-Y. Shiu et al., 2004%] , plasma
treatments [ 1. Woodward et al., 2003'] , it is possible to integrate, onto the surface
topographical features with specific geometry, roughness and orientation in a controlled
manner. Figure 1.2 shows SEM micrographs, where the morphological difference is
obvious between the flat surface (a), micro- (c), nano- (b) and hierarchical (d)

structures.

Figure 1.2

SEM images of (a)the flat surface, (b) nanostructure, (c) microstructure and (d) hierarchical structure
measured at 45° tilt angle (shown using two magnifications (i)(ii)). All samples are fabricated with
epoxy resin coated with 0.2 mg mm2 mass of n-hexatriacontane [Bhushan, B. et al., 2009¢] .

14



A promising technique for fabrication of micro / nano structures with hierarchical
surfaces is irradiation using pulsed laser, with pulse duration lower than a second, i.e.
short and ultra-short pulse. Microstructuring using pulsed laser with pulse duration in
the range of femtosecond (fs) [Her, T et al., 19981, picosecond (ps) [Zorba, V. et al,
2008°], or nanosecond (ns) [Zorba, V et al., 2006!] in a special environment irradiation
is particularly attractive because it leads to the formation of microconical structures
with high aspect ratio on surfaces®. The properties that can be tailored with surface
structuring via ultra-short fs laser include electrical, mechanical, chemical [Stratakis,
E., 2012], tribology [Bonse, J.et al, 2014??], wetting [Zorba V. et al.,2008%3,Hermens,
U., 2016%] and optical [Rudenko, A et al., 2016%°]. Biomedical applications of artificial
hierarchical surfaces include reduction or enhancement of cell adhesion, proliferation
or differentiation depending on the types of cells [Simitzi, C. et al, 2015 %]. With
proper setting of the laser parameters (e.g. fluence) and the environment (reactive gas),

it is possible the formation of surfaces with different morphologies.

This thesis focuses on the technique of micro / nano structuring surfaces by using
ultra-short laser pulses with a pulse duration in the range of fs. Specifically it refers to
irradiation of crystal silicon (Si) surface, in the presence of reactive gas. Choosing the
experimental parameters (such as laser energy, number of pulses, irradiation
environment, etc.), (section 3.1), the final morphology of the surface consists of 3D
arrays semi-periodical microconical structures (spikes). In high laser fluence values,
these structures are decorated with ledges size of nanometer scale (hierarchical

surfaces).

1.1.3 Biomimetic micro/nano functional surfaces for microfluidic applications

What is microfluidics? It is the science and technology of systems that process or
manipulate small (10° to 1078 litres) amounts of fluids, using channels with
dimensions of tens to hundreds of micrometres. The field of microfluidics has four
parents: molecular analysis, biodefence, molecular biology and microelectronics
[Whitesides, G. M., 20067]. Microfluidic devices were developed through the study of
controlled manipulation of liquids. The most common approach for liquid actuation in
microfluidics, is the manipulation of liquid via surface energy gradients*. In parallel

with the morphology of a surface, we can tune the chemistry of it. Thus, by depositing
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chemicals / materials onto structured surfaces, the resulting surfaces can exhibit both
stable morphology, and wettability changes of the surfaces. This is very important for
the analysis of the characteristics of micro / nano-structured surfaces, for applications

in microfluidics and tissue engineering.

The most widely known plant of nature for its special wetting properties, which is a
surface model for many scientists [>*3, Koch, K. et al, 1943 Guo, Z. et al, 2011*°] ,who
have find ways to represent it artificially, is superhydrophobic Lotus (Nelumbo
nucifera) leaves, which patented for first time form Wilhelm Barthlott in 1980
[Karthick, B., & Maheshwari, R.,20082Y]. According to this model, we can study the
wetting properties of surfaces, via static contact angle measurements (section 4.2), and
associate them for thei potential use to microfluidics applications. Figure 1.3 shows the
Lotus leaf (a), a magnification of a water drop on Lotus leaf (b), SEM images of the
surface of the Lotus leaf, which comprises randomly distributed bell-shaped papillae
with sizes 5-10mm (c) decorated with branch like protrusions with sizes of about 150
nm (d) .

Figure 1.3

a) Picture of water droplets on a Nelumbo nucifera (Lotus) leaf. b) Static contact angle measurement of
a water droplet of 0.78mm radius on the Lotus leaf surface; the contact angle is 153°£1° ¢) SEM image
of the leaf surface comprising almost-hemispherically-topped papillae with sizes 5-10um with surface
density of 4.2x10% cm? (scale bar 10um). d) High magnification SEM image of a single papillae
depicting branch like protrusions with sizes of about 150nm (scale bar 1um) 2.

The present thesis studies the wetting properties of artificial hierarchical surfaces,

with specific micro/nano topography (spikes) fabricated via ultra- short fs laser under
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reactive gas pressure, by altering surface chemistry with different experimental
processes each time, based on the lotus effect. The ultimate goal is to correlate of the
surface wetting response, with the cellular response, which has already studied for

some types of cells [*4, Ranella, A. et al, 2010%°] for tissue engineering applications.

1.1.4 Biomimetic micro/nano functional surfaces for tailoring the optical
properties

Since millions of years ago biological systems were using nanometre-scale
architectures to produce striking optical effects [Vukusic, P., & Sambles, J. R.,2003%%]
. Nature, apart from surfaces with excellent wetting properties, offers surfaces with
excellent optical properties (e.g. moth eye [Stuart A. Boden and Darren M.
Bagnall,2015%] and wings [Boden, Stuart A, and Darren M Bagnall,2009%'], wings of
Morpho [Watanabe et al., 2005%°] and Greta Oto [Siddique et al.,2015%%] butterflies)
which are a source of inspiration for scientific research field. Animals such as fish and
cephalopods which have chromomorphic (colour-changing) and controllable
goniochromic (iridescent-changing) properties, can control the optical properties of
their skins for camouflage [Rossiter, J. et al., 2012%4]. Also antireflective surfaces
composed of biomimetic sub-wavelength structures that employ the ‘moth eye
principle’ for reflectance reduction are highly desirable in many optical applications
such as solar cells, photodetectors and laser optics [Morhard, C. et al.,2010%]. Some
of these surfaces have been

fabricated, as shown in
Figure 1.4.

Figure 1.4
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Moth-Eye antireflective structures. (left-up): Scanning helium ion microscope images of
natural moth-eye structures found on the transparent wing of Cephonodes hylas (scale bars:

(d) 1 mm and (b) 100 nm) , (left-down): scanning helium ion micrograph of silicon moth-
eye structure fabricated using electron-beam lithography and dry etching (c)?.

Morpho-butterfly structures. (right): (d) Top view optical microscope image, (e) Cross-
sectional view SEM image, (f) SIM images of Morpho-butterfly-scale quasi-structure

fabricated by FIB-CDV?,
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The optical phenomena (e.g. structural coloration, broad-range coloration,
antireflectivity, strong flicker contrast') of these surfaces, stem from their unique and
remarkable structure of both micro- and the nano-scale. Fabrication of such surfaces
has been performed by various methods and materials [*2°] . In our case, the
fabrication of hierarchical surfaces, regards to silicon (Si) surfaces which are irradiated
with ultra — short fs laser , in the presence of reactive gas. In particular, in this thesis
we study the optical properties of ultra — short fs laser structured Si. We study the effect
of different laser irradiation parameters (e.g. laser fluence) and surface chemistry on
the optical reflectance of the fabricated structures, compared with flat silicon, as well

as their response to the effect of different sizes gold nanoparticles (AUNPS).

1.1.5 Biomimetic micro/nano functional surfaces for cell biology applications

Until now we referred to physical organisms, which are visible to the naked eye, and
our attempt to imitate them , lies in the fact that we can see their behavior. But the
invisible is more creepy. All living organisms (animals, plants, humans) are composed
of the basic structural, functional and biological unit that exhibits the phenomenon of
life, which is none other than the cell , or else “building block of life”. But how can we
connect the concept of the cell with the artificial hierarchical surfaces? All tissues and
organs contain an ensemble of cells and non-cellular components, which form well-
organized networks called extracellular matrix (ECM). ECM provides not only physical
scaffolding into which cells are embedded, but also regulate many cellular processes
including growth, migration, differentiation, survival, homeostasis, and morphogenesis
[C. Frantz et al.,2010%, K.C. Clause and T.H. Barker 2013%*, A.D. Theocharis et
al.,2012%%]. ECM is a non-cellular three-dimensional macromolecular network whose
components bind each other as well as cell adhesion receptors forming a complex
network into which cells reside in all tissues and organs. Variations in the composition
and structure of ECMs' components affect both the overall structure and biomechanical
properties of the formed network . All cell types (e.g. epithelial, fibroblasts, immune
cells, endothelial cells) synthesize and secrete matrix macromolecules under the control
of multiple signals thus participating in the formation of ECMs [Theoharis et
al.,2016°].
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Therefore, the connection between biomimetic surfaces and cells , is the fabrication
of surfaces, which mimic the natural extracellular environment , in order to decipher
the cellular mechanisms, but also the cell-material interaction for the creation of
compatible biomaterials for tissue engineering application. Material properties such as
surface chemistry, energy, and morphology are recognized as key factors in controlling
cell assembly into 3D features [Liu et al.,2007%"].

Micro-and nanofabrication techniques provide the opportunity to develop new types
of cell culture platform, where the effect of various topographical cues on cellular
functions such as proliferation and differentiation can be studied'®. In particular,
microscale surface roughness can affect cell morphology, cytoskeletal structure, and
differentiation , while nanoscale roughness and cellular activities remain unclear [Lee
et al.,2015%%]. In our case, surfaces which were fabricated via ultra — short fs laser in
the presence of reactive gas, exhibit areas of semi-periodic elliptical micro-conic shape
(spikes) exhibiting different geometrical characteristics and surface chemistries. It is a
surface pattern which has already been studied regarding the cellular response of
various cell types (i.e.fibroblasts?®, PC12 pheocromocytoma cells'#,Schwann cells
(neuroglial cells)*? and neurons* ). Thus, the conclusion is that microconical-patterned
surfaces could be used as cell culture platforms for the systematic exploitation of
microconical morphology on neuron cell adhesion and growth [**,Papadopoulou EL et
al.,2010%°]. Also both micro/nano topography of the surface and surface chemistry
(wetting properties) influence to a large extent adhesion, directivity , proliferation of
each cell type. The present thesis studies the cellular response of primary neural stem
cells (NSCs) on micro/nano structured silicon surfaces with different functionalized

gold nanoparticles.
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1.2 Laser induced periodic surface structures (LIPSS)

Since the development of the first lasers, the interaction of laser irradiation with
materials has been of scientific and technological interest [Janzén, E et al.,1984*1].
Absorption of laser irradiation by a solid can lead to a permanent modification of its
surface, causing melting and resolidification, vaporization, or ablation of the material.
Laser processing of solids, using both continuous and pulsed lasers, has been studied
over the years for different classes of materials including metals [Nolte, S et al.,199747],
semiconductors [Jost, D. et al.,1986*°] and dielectrics [Henyk, M et al.,1999*4]. Laser
light-material interaction mechanisms depend strongly on i) the laser beam parameters
(e.g. wavelength, pulse duration, intensity, spatial and temporal coherence, polarization
etc.), ii) the physical and chemical properties of the material employed (absorption
coefficient, thermal diffusion etc.), iii) as well as on the environmental conditions
(vacuum, reactive or non-reactive surrounding medium) [>%°, Barberoglou M. et
al.,2013%, Jing-tao*] . In this section we focus on the fundamental primary and
secondary processes that take place upon the interaction of laser pulses with
semiconductors, and more specifically with Silicon (Si) and we refer to the proposed
mechanisms underlying the spontaneous formation of periodic structures (LIPSS)
[J.F.Young et al., 19837°] on the surfaces of materials upon laser irradiation in reactive
gas ambient. But before dealing with the creation of periodic micro-structures, the basic

properties of silicon (Si) are mentioned.

1.2.1 Silicon

Silicon (Si) is the second most abundant element (Clarke number ~26%) on Earth
and exists mainly in the oxidized silicate (SiO2) form. Si sources are neither
localized in very specific regions nor are they noble. However, crystalline (c-Si) and
amorphous (a-Si) silicons remain the most fundamental, purely inorganic materials
used for microelectronics, optoelectronics, integrated-circuit (IC) fabrication and
photonics because the lithographic and p-n doping processes are already well-
established in industry [Sukumar Basu 2011%7]. Nowadays the use of silicon has been
established in the commercial fabrication of many mechanical components, such as

switches, filters, oscillators, fluidistic devices, medical and biochips, microphones,
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accelerometers, gyroscopes, flow detectors, micromirrors, and cantilever sensors [J.
Voldman et al., 1999* P. Sievila, 2013*°]. Furthermore silicon is widely used for
material microfabrication and silicon-based microfabricated substrates with well-
defined topographies have been extensively developed for a variety of applications
[1420.29.3038 T Pearce and J. Williams, 2007, Stratakis E. 2012°Y].

e Silicon lattice form

Silicon is used either as bulk material (polycrystalline silicon) or as a thin film
(including epitaxial, amorphous, and polysilicon layers) [Hunt LP, 1990°?]. The
different properties of single crystal, polycrystalline and amorphous silicon, which
dictate their respective application, are mainly interrelated with the different crystal
structure. Two-dimensional representations of the amorphous, polycrystalline, and

single-crystal materials are shown in Figure 1.5.

(a) (b) (c)

Figure 1.5: Schematics of three general types of forms based on crystal structures: (a) amorphous,
(b) polycrystalline, (c) single. [Brown P, 197454

Two fundamental parameters characterizing Si substrates are the crystallographic
orientation of the wafer surface, and the crystallographic direction perpendicular to the
wafer flat. Single-crystal Si is one of the simplest three-dimensional lattice system,
referred to as the cubic lattice system. Bulk Si is an ideal lattice comprised of an infinite
number of repetitive unit cells and an infinite number of cross-sectional planes and
lattice directions. Figure 1.6 shows the unit cell of Si crystal, diamond structure, lattice

constant (a), and the four nearest neighbor atoms bonding the Si lattice.

Figure 1.6: Unit cell of the silicon crystal (diamond lattice), is
: 0l .. actually two interpenetrating face-centered cubic (fcc) lattices
E}f ~— ¥% separated by a/4 along each axis of the cell

All lattice planes and lattice directions are described by a mathematical description
known as the Miller Index. For the cubic lattice system, the direction [hkl] defines a
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vector direction normal to surface of a particular plane or facet [B.G. Streetman,

1990%9).

Figure 1.7 shows three common planes , i.e. (100), (110), (111). Monocrystalline is

opposed to amorphous silicon, in which the atomic order is limited to a short range

order only.

(100)

(110)

(111)

N

Figure 1.7: Three different crystal orientation (high symmetry) of single-crystal silicon (cubic

system): (100), (110) and (111)

Polycrystalline silicon is composed of a large number of single crystals (grains or

crystallite). The granules usually have a diameter 100nm-100um. The boundary

separating two small grains or crystals with different crystallographic orientations

imposes an interfacial defect. This leads to higher chemical reactivity in these regions.

Some important physical and chemical properties of silicon are shown in Table 1.1.

Table 1.1: Physical and chemical properties of silicon (Si).

Physical properties

Chemical properties

Color Pure silicon is a hard, dark gray solid Chemical formula Si

Phase Solid Compounds Silicon forms compounds with metals (silicides) and
with non-metals

Luster Metallic shine or glow Oxidation Combined with oxygen as silica (silicon dioxide,
Si02) or with oxygen and metals as silicate minerals.
It is stable in air even at elevated temperatures owing
to the formation of a protective oxide film

Allotropic* Silicon has two allotropic forms, a brown | Flammability Dark-brown crystals that burn in air when ignited

amorphous form, and a dark crystalline form

Solubility Soluble in hydrofluoric acid and alkalis Reactivity with acids | Dissolves only in a mixture of nitric acid and
hydrofluoric acid

Melting point Melts at 1417°C Is transparent to long-wavelength infra-red radiation

Boiling point Boils at 2600°C

Conductivity Semi-conductor

*Allotropic — Allotropes: Forms of an element with different physical and chemical properties occurring
in two or more crystalline forms in the same physical state
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e Energy bands of Si
A crystalline solid (e.g. silicon) consists of atoms arranged in a repetitive

structure. Specifically, each silicon atom is surrounded by four nearest neighbors as
illustrated by the shaded cluster in Figure 1.6. Recall that electrons in an atom
occupy discrete energy levels as shown in Figure 1.8(a). If two atoms are in close
proximity, each energy level will split into two due to the Pauli exclusion principle,
that states that each quantum state can be occupied by no more than one electron
in an electron system such as an atom molecule, or crystal. When many atoms
are brought into close proximity as in acrystal, the discrete energy levels are
replaced with bands of energy states separated by gaps between the bands as shown
in Figure 1.8(b). Naturally, the electrons tend to fill up the low energy bands first.
Between the (basically) totally filled and totally empty bands lie two bands that are
only nearly filled and nearly empty as shown in Fig. 1.8(b). These energy bands are the
valence band (top nearly filled band with electrons) and the conduction band (the lowest
nearly empty band). These bands are separated by a region which designates energies
that the electrons in the solid cannot possess. This region is called the forbidden gap, or
bandgap Eg. This is the energy difference between the maximum valence band energy
Ev and the mimimum conduction band energy Ec, as shown in Figure 1.9. The concept

of Eg, is very important for the laser-solid interactions (section 1.2.2).

. , Empty upper bands
. b2 Conduction band
e =~ Lowest (nearly) empty band k.
2p MSONNNNNN O (conduction band) ¢
Highest (nearly) filled band i Band &ap
2% (valence band) E,
Filled lower bands
. |
. Valence band
(a) (b)
Figure 1.8 Figure 1.9
The discrete energy states of a Si atom (a) are replaced The energy band diagram of a
by the energy bands in a Si crystal (b). semiconductor
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e Silicon oxide layer (SiO2)

Semiconductor surfaces have been investigated for many years. Due to its dominant
role in silicon devices technologies (e.g. IC industry) [F. J. Himpsel et al., 1988%, M.
Razeghi, 2010°’] and because of its good electronic properties, as well as Si/ SiO2
interface, the above SiO- properties has been intensively studied in the last decades. In
contrast to other materials which suffer from one or more problems, SiO; offers a lot

of desired characteristics and advantages [A.Hierlemann®:

1. Excellent electrical insulator with a high dielectric strength and wide band gap
(Resistivity > 1x1020 Qcm , Energy Gap ~ 9 eV)

High breakdown electric field ( > 10MV/cm)

Dielectric constant SiO2: 3.9 (whereas SizN4 : 7; Si: 11.9)

Stable and reproducible SiO; interface

Conformal oxide growth on exposed Si surface

SiO2 good diffusion mask for common dopants: B, P, As, Sb

N o g bk~ D

Very good etching selectivity between Si and SiO;

8. SiO2 has a high-temperature stability (up to 1600°C)
According to these properties of SiO2 and Si/SiO> interface, the silicon oxide layer
(SiO.) is a high quality electrically insulating layer on the silicon surface, serving as
a dielectric in numerous devices that can also be a preferential masking layer in

many steps during device fabrication [Logofatu C. et al., 2011°].

Among all the various oxidation methods (thermal oxidation, electrochemical
anodization and plasma enhanced chemical vaporization deposition), only thermal
oxidation in a resistance-heated oxidation furnace can provide the highest-quality
oxides having the lowest interface trap densities. Thermal oxidation of Silicon can be
performed in two ways: 1. Dry and 2. Wet oxidation process. A typical oxidation
growth cycle consists of dry-wet-dry oxidations, where most of the oxide is

grown in the wet oxidation phase®.

1. Dry thermal oxidation process
Dry oxidation uses dry oxygen. Oxidation process is slow e.g., 50 nm/h at 1000°C
and results in more dense and high-precision thin oxide layers. The chemical

reaction describing thermal oxidation of silicon in dry oxygen is:
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Si (solid) + O3 (gas) — SiO2 (solid)

Dry thermal oxidation process is usually used in a device structure because of its good

Si-SiO; interface characteristics.

2. Wet thermal oxidation process
Wet process uses (pyrogenic) water vapor. The oxidation process is fast, e.g., 400 nm/h
at 1000°C and therefore is mainly used for thick oxide formation applications. The

chemical reaction is the following:
Si (solid) + 2H20 (gas) — SiO2 (solid) + 2H> (gas)

In the wet oxidation method, the water vapor introduced into the furnace system is
usually creating by passage a carrier gas into a container with ultra pure water and
maintained at a constant temperature below its boiling point (100°C). Wet oxidation
results in much more rapid growth and is used mostly for thicker masking oxide
layers. In this thesis, silicon substrates have been processed via dry thermal oxidation.

For both means of oxidation, the high temperature allows the oxygen to diffuse
easily through the silicon dioxide and the silicon is consumed as the oxide grows.
SiO> layer incorporates silicon consumed from the substrate and oxygen supplied from
the ambient. Thus the silicon oxide grows both down into the wafer and up out of it ,
so the total thickness increases [B.E.Deal and A.S.Grove, 1965, as shown in Figure
1.10.

Si0, SURFACE

; . ORIGINAL Si INTERFACE -~
Si0z 45 3 %

SILICON SUBSTRATE

Figure 1.10 : Schematic of the thermal oxide (SiO2) formation [S. M. Sze, 2002%4]
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Kinetics of growth

A model elucidating the kinetics of oxide growth has been developed by Deal and
Grove®® , where it is assumed that oxidation proceeds by an inward movement of the
oxidant species rather than an outward movement of silicon. At the initial stage of
oxidation, the oxidizing species (oxygen or water vapor) reacts with silicon atoms at
the surface. This results in growth of a thin SiO> layer. Now, in order to oxidize Si, the
oxidizing species has to diffuse through the SiO> layer of the Si-SiO> interface. More

specifically, the transported species must go through the following stages:

1. Itis transported from the bulk of the oxidizing gas to the outer surface where it
reacts or is adsorbed.

2. ltis transported across the oxide film towards the silicon

3. It reacts at the silicon surface to form a new layer of SiO>
The model is generally valid for temperatures between 700 and 1300°C, partial pressure
between 0.2 and 1.0 atmosphere, and oxide thickness between 30 nm and 2000 nm for
oxygen and water ambient. The model is valid for (111), (100) single crystal silicon,
and polysilicon. According to the equations of this model, which are analyzed by B.
Deal and A. Grove, 1965.%, oxidation rate charts (different for dry and wet oxidation)
have been developed based on which, oxide thickness layer for the optimum oxidation
parameters can be predicted. However, the most reliable technique, to measure the SiO-

thickness layer is ellipsometry (section 3.5.4).
SiO; layer structure

Regarding its structure, SiO> can be described as a three-dimensional network
constructed from tetrahedral entities which are centered on a silicon atom. The four
corners of the tetrahedral structure could be either silicon or oxygen atoms. It is
accepted that an oxygen atom is bonded by two silicon atoms and never with another
oxygen atom. The length of the Si-O bond is 1.62 A while the distance of the bond
between oxygen ions is 2.26 A (Figure 1.11(a)) and Si-Si bond distance depends on the
particular form of SiO2 and is about 3.1 A. The angle formed by the Si-O bonds in the
Si-O-Si bridge is 144° [Carrier P. et al., 2002%], and the angle between two oxygen
atoms is 109.5°. Taking into account the fact that the silicon atom is four-coordinated

and the oxygen is two-coordinated, concludes that, oxygen atoms are involved in Si—
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O-Si bridges, which means two Si-O bonds and Si atoms will contribute to Si-Si and
Si—O-Si bonds.

@ Silicon atom
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Figure 1.11 : (a)Structural unit of SiO, , (b)Regular silica structure: Si-O bond length (d), tetrahedral
angle (), the Si-O-Si bridge bond angle (a), bond torsion angles (31, 52), [Henderson and Baker, 2002%°],
(c) Quartz crystal lattice (2D), (d) Amoprhous SiO; (2D)

The six-membered ring structure of SiO- is presented in Figure 1.11(d). In an ideal
network the vertices of the tetrahedra are joined by a common oxygen atom called
bridging oxygen (i.e. O atoms that bond to two silicon atoms). In the amorphous forms
of SiO2 (Figure 1.11(d)), some non-bridging oxygen atoms can also exist. These phases
are often named, fused silica. Crystalline forms of SiO2, such as quartz contain only
binding oxygen bonds. The various crystalline and amorphous forms of SiO; arise due
to the ability of the bridging oxygen bonds to rotate, allowing the position of one
tetrahedron to move with respect to its neighbors. This same rotation allows the material
to lose long-range order and hence become amorphous. The rotation and the ability to
vary the angle of the Si-O-Si bond from 120° to 180° (Figure 1.11(b)) with only a little
change in energy play an important role in matching amorphous SiO, with crystalline
silicon without breaking bonds. Dry oxides having larger ratio of bridging to non-
bridging sites as compared to wet oxides, are thus “more stable”. The chemical bonding
configurations are important basis for understanding the electronic states of the
fabricated silicon oxides. In order to understand the chemical and electronic structures
of the Si-SiO> interface, the Si-SiO> interface has been studied by various techniques
such as X-ray photoelectron spectroscopy (XPS)®. The conclusion was that, while the
oxide layer grows, it is progressively less and less influenced by the properties of the

interface.
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Native oxide layer

Another important issue when dealing with silicon is the so called native oxide layer,
which is built up on the surface when a clean Si surface is exposed to atmosphere at
room temperature. It is of great importance, because it may influence the thermal
oxidation kinetics. Native oxide films on Si surfaces prevent the low-temperature
growth of high-quality epitaxial Si films and precise control of the thickness and
electrical properties of very thin gate oxide films, plus give an increase of the contact
resistance for via-holes of a small area. Native oxides serve as source of impurities to
diffuse into the silicon and produce defects in succeeding high-temperature processes.
The presence of native oxide film on silicon surfaces degrades the ability to control the
quality of device fabrication processing and the performance and reliability of
semiconductor devices themselves. The detection of the native oxide layer takes place
through X-ray Photoelectron Spectroscopy (XPS). The oxidation mechanism of Si in
air at room temperature (RT) is entirely different from the thermal oxidation
mechanism. The following model [M. Morita et al., 1990%%] is proposed for the

oxidation of Si at room temperature (Figure 1.12):

1. Siatoms at a cleaned wafer surface are terminated by hydrogen (Fig. 1.12(a)). In our

case, the Si wafers were cleaned by aqueous hydrofluoric acid (HF).

2. The oxygen species (O) are expected to break preferentially the Sibux =Si-(H)2
backbonds rather than the Si-H bonds on the surface at the initial stage. (Sibuik -O-Si(-
H). bonds are formed- Fig. 1.12b).

3. After all Si atoms of the top layer are oxidized, the chemical structure of the second

monolayer are broken by subsequent insertion of O, (Fig. 1.12d).

4. In this way, a layer-by layer growth of the native oxide film takes place on Si surfaces

exposed to air at RT.
5. The overlayer structure converts to the amorphous phase.

6. The remaining O-Si-(H). bonds on top layer cause hydrophobic behavior of the

surface, which can be observed during the initial phase of native oxidation in air.
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7. The Si-H bonds on the surface are oxidized only after completion of the backbond
oxidation, and silanol groups SiOH are respectively formed, which introduce polarity

(and the surface becomes less hydrophobic).
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Figure 1.12 : A model of native oxide growth in air &2

1.2.2 Laser —solid interactions: Fundamental aspects

The interpretation of the basic interaction mechanisms between the intense light of
a laser beam and matter, is an aspect of increasing interest*2. Controlling the light-
matter interactions is crucial for the success and scalability of materials-processing
applications®®. In our case, this is achieved by surface irradiation with ultra-short laser
pulses because pulse duration is a critical parameter for material processing. In order to
understand and control the material response after/upon laser irradiation, the laser-
matter interactions have to be taken into consideration.

1.2.2.1 Primary process

The initial interaction of laser pulses with a semiconducting material is the excitation
of electrons; upon photon absorption electrons are excited from their equilibrium states
into higher-lying unoccupied states. More specifically, the energy band gab of silicon
(Egesi i1 to 1.5 eV) is less than 3.0 eV, which means that Si absorbs energy through
photoionization when irradiating in Vis-IR spectrum because the photon energy is
bigger than the energy bandgap. Primary absorption processes involving interband
transitions of electrons are: (a) single photon absorption, (b) multiphoton absorption
(the electrons excite to the conduction band), (c) interband transitions by free-carrier
excitation or (d) impact ionization [E. Magoulakis et al. 2010%°]. This process increases
the number of free carriers in the conduction band. If the laser intensity is high enough,
multi-photon absorption and impact ionization can lead to optical breakdown, which
produces a plasma [A.C. Tien , 19999
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1.2.2.2 Secondary process

Following the primary absorption mechanisms the energy absorbed by the electron
is relaxed through a variety of processes which can eventually end in modification of
the material structure. Figure 1.13 [S. K. Sundaram and E. Mazur, 2002°7] summarizes
the most important processes involved after the absorption of the laser energy, its
redistribution and transport through the target and the resulting structural and thermal
effects, together with their typical timescales.

CARRIER Absorption of photons

EXCITATION A
Impact ionization

Carrier—carrier scattering
THERMALIZATION ) )
Carmier—phonon scattering

Auger recombination

EEI?H%!UEEL Radiative recombination
Carrier diffusion
Ablation and evaporation
THERMAL AND Thermal diffusion
STRUCTURAL EFFECTS
Resolidification
| | | | | | | ] | | | ]
T T T T T T T T T T T T
L [ S [V C O 1 [V (VL (VU 1 108 107 10% 108
fs ps ns us

Timescale (s)

Figure 1.13 : Processes (and associated timescales) taking place in the target following the
absorption of the laser pulse®’.

(i) Carrier excitation: Carrier (electrons in metals or electron-holes in semiconductors)
excitation is the movement of an electron to a higher energy state due to absorption of
photons by a laser beam. Single or multiphoton absorption are the dominant
mechanisms for exciting electrons in the valence band provided that the energy gap is
smaller or greater respectively than the photon energy. If some of the carriers are exited

well above the band gap , impact ionization can generate additional excited states.

(i) Thermalization: On a time scale of about 10** — 102 sec described as the electron
phonon relaxation time, the initial energy distributed among the electrons is transferred

to the lattice via carrier-carrier and carrier-phonon scattering.

(iii) Carrier removal: Once the carriers and the lattice are in equilibrium, the material is

at a well-defined temperature. Although the carrier distribution has the same
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temperature as the lattice, there is an excess of free carriers compared to that in the
thermal equilibrium. These are removed by recombination or carrier diffusion

processes.

(iv) Thermal and structural effects: On the time scale of 10! sec and below carriers
and lattice come to an equilibrium temperature and heat is diffused from the material’s
surface to the bulk. If the laser pulse intensity exceeds the melting or boiling point
thresholds, melting or vaporization of the material occurs. As the deposited optical
energy is converted to kinetic energy of the lattice ions, material removal via ablation
can occur in the form of individual atoms, ions, molecules or clusters. Finally
solidification of the material occurs in timescales from nanosecond through

microseconds.
So, why to use an ultra-short femto-second pulse laser?

Nanosecond laser ablation of materials occurs due to melt expulsion driven by the
vapour pressure and the recoil pressure of light, so the ablated area on the surface of
the material target is not precise and uniform. Furthermore, nanosecond laser ablation
creates a heat-affected zone (HAZ) [Lucas, L. and J. Zhang , 2012%].

In the case of ultra-short laser pulses (pulse duration less than a few picoseconds
(102 seconds)), pulse duration is considerably shorter than the timescale required for
energy transfer between the lattice and the free electrons of the material target. The
laser energy is absorbed by the electrons, leaving the ions cold, and only after the laser
pulse is gone thermalization take place. As a result, very high temperatures and
pressures are produced at a very shallow depth in the range of microns. However, the
absorbed energy heats the material very quickly past the melting point, directly to the
vapor phase with its high kinetic energy. The material is removed by direct vaporization
away from the surface without formation of a recast layer. This provides negligible
HAZ and very fine, sharp features. Also, the intensity of a femtosecond pulse is high
enough to drive highly nonlinear absorption processes in materials that do not normally
absorb at the laser wavelength®®. There are two major mechanisms to explain material
removal by laser ablation: thermal vaporisation, and the occurrence of a Coulomb
explosion. As shown in Figure 1.14, the long-pulse lasers have more heat-affected
zones and shock waves in comparison with the shorter picosecond and femtosecond

lasers.
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Figure 1.14: Long-pulse and ultrafast-pulse laser interaction with target material.

So by using ultrafast lasers with pulse duration less than sub-picosecond, we can limit
the thermalization and thermal diffusion, caused by the relaxation process, in order to
avoid the ablation of clusters and evaporation of material and to encourage the
formation of controllable periodic structures in micro and nano scale [Y.C. Koji
Sugioka, 2013%°].

Laser-Induced Periodic Surface Structures (LIPSS) is a form of laser induced surface
modification which appears to be spatially periodic in nature, and which occurs on a
wide variety of both opaque and transparent materials. The formation of LIPSS by a
single laser beam is a universal phenomenon that can appear on any material absorbing
radiation, regardless of its dielectric constant [J.F.Young et al., 1984°]. The resulting
structures/ morphology depend on the material (optical and thermal properties), laser
source (such as laser fluence, repetition rate, wavelength, etc.) and irradiation
environment (liquid, vacuum or reactive gas). In this respect, upon irradiation with laser
pulses at a fluence close to the melting threshold, the surfaces of the substrates develop
ripples (coherent structures) with a spacing equal to or larger than the laser
wavelength’. Focusing on silicon, ripple formation leads to low spatial frequency
ripples (LSFR) perpendicular to the beam polarization, where the periodicity (spatial
interval between the repeating structures (A)) is near to the laser wavelength (A) (4~4),
or to high spatial frequency ripples (HSFR) where the periodicity is smaller than the
laser wavelength (1<<A4) and depends only on the frequency (electron density) of the
surface plasmon wave [S. Sakabe et al., 20097%]. The formation of microgrooves leads

to structures with periodicity larger than the laser wavelength (4>A1) [Tsibidis George
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D. et al., 2015?]. In case of micro-conical formation (spikes) , structures are
characterized as supra-wavelength quasi-periodic surface structures, which means that
the periodicity is markedly, even multiple times, higher than the laser wavelength
(4>>)) [Tsibidis George D. et al., 2016"*]. Figure 1.15 shows the morphological

changes induced on a Si surface following fs pulse laser irradiation.
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Figure 1.15: Morphological changes induced on a Si surface following irradiation with NP = 10 (a),
40 (c), and 100 (e) pulses, laser beam wavelength A = 800 nm, where (b), (d), and (f) provide an
enlarged area. Double-ended arrows indicate the laser beam polarization’2.

1.2.3 Surface structuring of silicon via ultrashort — pulsed laser processing

The irradiation of a solid surface via ultra-short fs pulsed laser, leading to micro-
structures of different morphologies. The resulting structures/ morphology depend on
the material (e.g. optical and thermal properties), laser source (such as laser fluence,
repetition rate, wavelength, etc.) and irradiation environment (liquid, vacuum or
reactive gas). By irradiating silicon surfaces with fs laser pulses above the ablation
threshold in the presence of a variety of background gases, quasi-periodic sharp conical
micrometer-sized spikes are formed. High-intensity nanosecond pulses can induce the
formation of much larger conical microstructures [A. Pedraza et al., 199974, S. Dolgaev
et al., 20017°]. Microstructuring by ultra-short pulsed lasers is an especially attractive
approach, because it leads to the formation of arrays of high-aspect ratio microcones

(MCs) on solid surfaces. In particular, fs lasers allow patterning through non-linear
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absorption processes, providing excellent control over the regularity and uniformity of
3D micron and submicron features'®. This method exploits a number of phenomena
taking place under the action of intense pulsed laser irradiation of crystalline Si in the
presence of a reactive gas, in order to induce morphological, structural and
compositional modifications on its surface. The resulting structures, apart from their
unique (conical) morphology, they also exhibit improved optical, electronic and wetting
response. Proper tuning of the laser (such as laser fluence, repetition rate, etc.) and
reactive gas parameters (such as pressure) can lead to the formation of structures with
different morphologies [Zorba V. et al., 2006’%]. One of the most useful properties of
ultrafast laser induced modification is the limited size of the affected volume, resulting
in perfect control of structures fabrication in micro- and submicron scales, for reasons

which explained in section 1.2.2.2.

The role of reactive gas

The main objective of the present thesis was the fabrication of hierarchical silicon
structures. One way to achieve the fabrication of double roughness surfaces (micro- and
nano- scales), is the irradiation via ultra-short fs pulsed laser in presence of a gas which
reacts with the initiate surface. More specifically, microstructuring of the flat silicon
(Si) substrate surfaces by ultrafast fs lasers under reactive gas (SFs) atmosphere chosen
as a method of surface micro-structuring because it produces surface morphologies
through a simple one-step process [T.-H.Her et al., 19987"]. Pure sulfur hexafluoride
(SFe) plasmas produce large quantities of atomic fluorine (F) that is used to quickly
etch silicon. When SFs plasma is used to etch silicon, it typically results in etch profiles
that are isotropic in nature [Bates Robert L. et al., 201478]. At room temperature SFs is
stable and does not chemisorb on Si. However heating at approximately 1000 °C may
initiate a thermal reaction. This suggests that laser heating could cause a reaction. SFe
can be physisorbed at 90K or for P > 1Torr at room temperature [D. Béuerle et al.,
20007°]. The dissociation of SFe leading to the formation of fluorine radicals. Etching
of Si can then occur through the formation of these F radicals, which eventually react
with Si to form volatile Si containing fluorine compounds. A theoretical model is
developed for plasma etching of silicon with SFe. The three-dimensional model

developed includes diffusion and convection of molecular fragments in a duct
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geometry [Lii, Y.~J. et al., 19908]. Gaseous or physisorbed SFs molecules are excited
into higher vibrational states and chemisorb on Si surfaces resulting to the formation of
fluorine ions. Part of the chemisorbed F~ ions penetrate into the Si forming a fluorosilyl
layer [J.D.Fowlkes et al., 200081]. The chemical reactions describing the chemisorbtion

processes are shown in Figure 1.16.

Vibrationally excited SFs" dissociatively chemisorb:
SF¢(gas) — SF;(ads) or SFs(ads)
SF¢(ads) - SF,(gas) + 2F (ads)

At very high laser intensities , F radicals are produced. These can spontaneously chemisorb on Si surfaces:
F(gas) — F(ads)
Chemisorbtion may lead to SiF2 like state:
Si(s) + 2F(ads) - SiF,(ads)
where F may also penetrate beneath the surface. The reaction between chemisorb species according to:

SiF,(ads) + 2F (ads) - SiF,(ads)

SiF,(ads) + SF{(ads) — SF,(gas) + SiF,(ads)

results in the formation of SiFa4 that desorbs from the surface:

SiF,(ads) - SiF,(gas

Figure 1.16: Stages of SFe gas chemisorption on silicon under laser irradiation [ D. Béuerle , 1986%]
As a result, the formation of the nano-roughness on the MCs structures becomes more
apparent with increasing the pressure of SFe gas (section 4.1.1.2).
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1.3 Gold nanoparcticles

Nanotechnology generally refers to a field of science and engineering dedicated to
materials of sizes ranging from 1 — 100 nm [Mody et al. 2010%, Salata 2004%]. The
term ‘ nano ’ is extracted from the Greek word * dwarf ’ , which means  extremely
small > . When used as a prefix, it means 10" or 0.000000001 meter [Thakkar et al.
201084]. Particles of sizes between 1 and 100 nm show fascinating properties with
unusual characteristics that lead to the formation of unique properties in nanosystems,
which are not observed in ordinary materials. These are considered as nanoparticles
(NPs). Metallic nanoparticles have different physical and chemical properties from bulk
metals (e.g., lower melting points, higher specific surface areas, specific optical
properties, mechanical strengths, and specific magnetizations). Their unique properties
might prove attractive in various industrial applications [Vollath, D.,2013%]. Gold
nanoparticles (AuNPs) and their arrays are some of the most studied nanomaterials,
with promising applications in many fields such as electronics, optoelectronics,
catalysis, solar cells and biology [Zhou et al., 200987]. These particles are also malleable
in a molecular sense: groups of functional molecules (ligands) can be attached easily as

shown in Figure 1.17.

CH,

CH;

CHs

Figure 1.17 : Commonly used hydrophobic ligand molecules drawn to scale along with a particle of
5nm diameter. The particle is idealized as a smooth sphere; the schematic molecule structures
above are not drawn to scale. Left to right: trioctylphosphine oxide (TOPO), triphenylphosphine
(TPP), dodecanethiol (DDT), tetraoctylammonium bromide (TOAB) and oleic acid (OA). The spatial
conformation of the molecules is only shown schematically as derived from their chemical
structure and space-filling models [Sperling R. and W. J. Parak, 2010%].
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1.3.1 Synthesis of gold nanoparticles

The most important property of nanoparticles is their size, as many applications
depend on it. Size polydispersity is an undesirable characteristic. Thus, prediction of
both size and size dispersity for a given system is of concern in systematizing the
manufacture of nanoparticles. The methods of nanoparticle synthesis are classified as
(i) gas-phase and (ii) liquid-phase [Kumar S. et al., 2007%%].

Q) Gas-phase based synthesis method: Bulk material is evaporated using high
energy sources such as resistive heating and lasers to obtain a supersaturated
gas phase, which, under controlled conditions, produces nuclei that grow to
become nanoparticles.

(i) Liquid-phase based synthesis method: Precursors react to form a
supersaturated solution, which nucleates and gives rise to particles ranging
from 1 to 100 nm in size with stability ranging from a couple of hours to
years. Wet synthesis methods are attractive at least for two reasons: a) they
are more energy efficient and b) they can be used to produce nanoparticles
using the standard apparatus available in a laboratory.

So far, two strategies have been followed for wet synthesis. In the first strategy, two
reactants, usually both of them in micellized form, are mixed and nanoparticles form
inside them by precipitation. The size of particles is controlled by the rates of nucleation
and growth, and stabilization is provided by adsorption of surfactant. This strategy
offers scope for good control over particle size. In the second strategy, precipitation is
carried out in bulk in the presence of stabilizers that adsorb on nanoparticles and prevent
coagulation of particles. Three widely used bulk-precipitation-based techniques for the
synthesis of gold nanoparticles are as follows: (1) citrate method of Turkevich et al.,'%
(2) citrate-tannic acid method of Muhlpfordt,'% and (3) Brust-Schiffrin method of Brust
et al.1%. The first two methods yield particles which are stable against coagulation,
whereas the last one produces particles which are also capped and cannot grow further.

More specifically , colloidal nanoparticles are dispersed in a solvent that can be
either water-based or an organic solvent for hydrophilic or hydrophobic particles,
respectively, while amphiphilic nanoparticles can be dispersed in both kinds of
solvents. The synthesis of colloidal NPs involves surfactant molecules that bind to their

surface, which stabilize the nuclei and larger nanoparticles against aggregation by a
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repulsive force®.The ligand molecules bound to the nanoparticle surface not only
control the growth of the particles during synthesis, but also prevent the aggregation of
the nanoparticles. The repulsive force between particles can, in principle, be due to
electrostatic repulsion, steric exclusion or a hydration layer on the surface. Various
chemical functional groups possess a certain affinity to inorganic surfaces, the most

famous example being thiol to gold.
Conjugation strategies for AUNPs

The labile capping ligands on AuNPs (citrates, thiols, or other adsorbed ligands) can be
displaced by thiols through a place ligand exchange reaction to synthesize mixed
monolayer-protected AuNPs (Figure 1.20(A)). Place ligand exchange allows the
secondary tethering of organic molecules or biomolecules to the surface of AuNPs
(Figure 1.20(B)). Non-covalent conjugation is a simpler way for molecules to bind to
AuUNPs. Alternatively, covalent conjugation of molecules to AuNPs stabilizes the
conjugates, which is more useful when stable constructs are required (e.g., amine-

carboxylate coupling [U. Drechsler et al., 200411°)).

(8)

Covalent conjugation (A)
z D! S
Protein Peptide - HAUCL: NaBH, -
TOAB >
HS~~
X \ 2

(A), Conjugation strategies of AuUNPs through covalent and
O non-covalent conjugation (B) [Yeh et al., 2012%].

O?Msi . Ss‘s/vvvovxo Figure 1.20: Two-phase synthesis of AuNPs by reduction of
F/JJﬁ jt::é% HAuCl4 in presence of alkanethiols as the stabilizing ligands

Non-covalent conjugation

Although there are several synthesizing methods for AuNPs, such as electrochemical
method [Reetz and Helbig 19941%, Reetz et al., 1995'%], seeding growth method [Jana
et al., 2001'%], biological method [Das et al., 2011% Smitha et al., 2009%],
sonochemical method [ltoh et al., 20041%°], electron beam lithography [Eustis Susie,
and Mostafa El-Sayed, 2006%].
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1.3.2 Properties of gold nanoparitcles

AUNPs are being widely used in a variety of biomedical applications because of their
compatibility of synthesis and functionalization, less toxicity, and facility of detection
[Tiwari et al. 2011%]. Their properties depend on their shape and size. Colloidal gold,
unlike bulk gold, is considered to be highly reactive, allowing for new applications. The
applications of gold are further extended by colloidal gold which are submicrometer
size particles of gold [Shah M et al., 2014%2]. Prerequisite for every possible application,
of colloidal AuNPs (range 1 nm to 1 pm), is the proper surface functionalization of
such nanoparticles, which determines their interaction with the environment. These
interactions ultimately affect the colloidal stability of the particles, and may yield to a
controlled assembly or to the delivery of nanoparticles to a target, e.g. by appropriate
functional molecules on the particle surface [Sperling R. and W. J. Parak., 2010%].
Their synthesis technique, makes them extremely stable for both shape and size (section
1.3.1). Also the functionalization of colloidal AuNPs can be done via bioconjugation
with antibodies, proteins or oligonucleotides [Yeh et al., 2012%]. This is a very
promising technique for scaffold fabrication for drug and gene delivery [Majidi et al.,
2016%4. In response to the properties of the functionaliaztion of gold nanoparticles, we
chose to work with colloidal AuNPs, which have on their surfaces functional groups

such as amino acids, organic moieties.

Of particular importance, the optical property is one of the fundamental attractions
and a characteristic of a nanoparticle. AUNPs have exceptional optical properties due
to surface plasmon resonance (SPR) effects. SPR is an optical phenomenon occurring
from the interaction between an electromagnetic wave and the conduction of electrons
in a metal. [Hu et al. 2006°°]. The SPR properties of AuNPs makes them quite useful
in the fields of bioimaging and biomedical therapeutics, and as biodiagnostic tools
[Verma et al. 2014%, Jain et al. 2006°%]. In particular, AUNPs present localized surface
plasmon resonances (LSPRs) that lead to a strong absorption/scattering and local field
enhancement near such structures [Hubert, C. et al., 2007%°]. More recent treatments
have shown that the color of AuNPs is due to the collective oscillation of the electrons
in the conduction band, known as the surface plasmon oscillation. The oscillation
frequency is usually in the visible region for gold and silver, giving rise to the strong
surface plasmon resonance absorption. When AuNPs are enlarged, their optical

properties change only slightly as observed for the different samples in Figure 1.18,
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whereas the absorption peak of the surface plasmon resonance shift (“red shift”).
However, when an anisotropy is added to the nanoparticle, as is the case of nanorods,
the optical properties of the nanoparticles change dramatically [Eustis Susie, and
Mostafa El-Sayed , 2006%]. These changes are due to the free d electrons of gold, which
can oscillate in the conduction band. Figure 1.19 shows not big enough color changes
for the case of gold nanospheres, with increasing size. On the contrary, in the case of
the gold nanorods big color changes can be observed with increasing aspect ratio
(length/width).

15nm nanospheres
|\ / | = 30nm nanospheres
X A 2.5AR nanorods
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Figure 1.18: Gold nanoparticles — absorption of various sizes and shapes [Eustis Susie, and Mostafa
El-Sayed , 2006%].
The absorbance of surface plasmon resonance peak for anisotropic AuNPs can be
resolved along the three main axes. The surface plasmon resonance is not only
responsible for the high absorption of the AuNPs, but also causes non-linear properties.
The nonlinear properties of spherical AuNPs is closely linked to the depreciation
ensin porsde s coefficient of the absorption (higher nonlinear
properties around the top SPR ~ 520nm) [Pong et
al., 2007°7]. Gold nanorods (GNr) have been
shown to have two plasmon resonances, one due
to the transverse oscillation of the electrons at
visible region (~520nm) for gold and the other due
to the longitudinal plasmon resonance at near

Ff--; \ T infrared (NIR) region as shown for various aspect

: 5 5{_’%@ % ratios in Figure 1.18.

Figure 1.19: TEM images of gold spheres and gold
nanorods in increasing order of dimensions with a scale
bar of 100 nm for all. Size for gold spheres (A-E) varies
from 4-40 nm whereas for gold nanorods (F-K), the

40
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In general, AuNPs have the ability to strongly scatter the electromagnetic irradiation in
a specific wavelength which belongs to the visible range and it depends on the size,
shape, concentration and environmental optical properties [Turkevich, John , 1985%1].
In the present thesis, on the size of AuUNPs and the effect they have on the optical

properties of microstructured Si surfaces.
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2 Aim of the thesis
2.1 Problem statement & aim of thesis

Nature is a source of inspiration, since it presents unique and distinct ways to solve
complex problems. Many models of nature, have been studied and artificially

constructed.

The attempt of the man to study and simulate artificially the biological systems with
their desired properties is termed biomimetics. One of the applications of bniomiteic
research is the construction of surfaces with optimized properties. The most famous of
all is the lotus leaf, which comprises a dual scale roughness and exhibits incredible
wetting properties These surfaces are called hierarchical micro-nano surfaces because

they incorporate features of different size scales (e.g. micro- and nano-scale)

Using techniques such as photolithography, microcontact printing, microfluidic
patterning, electrospinning and self-assembly, 3D topographical features of tailored
geometry, roughness and orientation, complemented by the desired spatial resolution at

micron and submicron scales, can be realized on material surfaces.

The approach used in the present study involves the fabrication of microconical
structured silicon surfaces by ultra-short pulsed laser processing. It has been shown in
previous work of the group that when flat silicon is irradiated by ultra-short pulsed laser
microconical features arise. The resulting surfaces exhibit remarkable wetting and
optical surfaces [Stratakis, E. I., & Zorba, V. 2010%]. Thus, we wanted to see how these
properties of the micropattenred substrates are influenced by the incorportation of a
nanoparticles coating. In other words, the first aim of the present thesis was to study
what are the respective properties of the hierarchical nano-micro-patterned substrates.

Furthermore, we wanted to see how do the cells respond to this dual scale roughness.
Previous work of the group has shown that fibroblasts [A.Ranella et al.2010?°Jand
primary neurons and neuroglail cells [C. Simitzi et al.'?] can grow on the

micropatterned silicon substrates. Specifically

It was shown that controlling surface roughness and wettablity of the micropatterned
Si substrates, fibroblast cell adhesion could be tuned?. Furthermore, it was shown that
both Schwann cells and axons of sympathetic neurons could grow on the

micropatterned silicon substrates exhibiting a differential orientation based on the type
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of the substrate roughness [C. Simitzi 2015?]. To this respect, the second aim of the
present thesis was to investigate how a hierarchical silicon surface could influence the

cell growth. For that reason, neural stem cells have been used.

2.2 Flow sheet

Figure 2.1 illustrates the flow sheet of the experimental design of the present thesis.

Single crystalline silicon

Ultra-short laser irradiation ‘

Micropatterned Si substrates (3 degrees of roughness)

\ 4

Surface modification

i Thermal treatment
ii. Silanisation
iii. Gold nanoparticles deposited

¥

Characterization

1. Surface morphology (Scanning electron microscopy (SEM), Energy-dispersive X-
ray spectroscopy (EDS))

2. Wetting response (Static contact angle)

3. Optical properties (UV-vis spectrophotometer)

4. In vitro cell experiments with primary newron stem cells (NSCs) (Confocal
microscopy)
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3 Experimental part : Materials & methods
3.1 Fabrication of micropatterned silicon surfaces via ultrashort — pulsed laser
3.1.1 Laser system

Ti:Sapphire laser system is a high repetition rate femptosecond laser system based
on chirped pulse amplification (CPA) technique, which uses directly diode-pumped
Yb:KGW (ytterbium doped potassium gadolinium tungstate) crystal as active medium.
Automated second/third harmonic module for the Ti:Sapphire laser system offers the
possibility to choose between three laser wavelengths (1030nm , 515nm and 343nm)
by sending a command via computer (USB) or Remote Control Module (RCM). The
switching between wavelengths in harmonics module is implemented by means of
switchable mirrors witch are controlled by two servo motors. The fundamental emission
from the laser is directed through a periscope of two mirrors to the output of the

harmonics module. The polarization of the output at 1030nm is horizontal.

3.1.2 Experimental procedure

Single crystal n-type Silicon (1 0 0) wafers microstructuring took place in a vacuum
chamber evacuated down to a residual pressure of ~102 mbar by means of a vacuum
pump. A micro valve system attached to the chamber enabled a precise backfilling of
an ambient gas (SFe). The pressure of the backfilling gas was measured with a needle
gauge. The laser fluence was varied by using a filter. The laser beam entered the
chamber through a quartz entrance window, while the irradiation process could be
monitored through a plexiglas window, which was laterally mounted on the vacuum

chamber.

The processing chamber was placed on a computer driven high precision X-Y
translation stage with spatial resolution of 1 um allowing sample displacement with

regard to the laser beam up to 10000 um (Figure 3.1).

} ; Focusing lems
The laser fluence used in these experiments was
Suartz vindow
in the range 0.17-0.78 J/cm2, in constant sormple ,
Monitodng window fo pump

wavelength to 1030nm, repetition rate 1kHz and  3as et

i Computer

pulse duration 180fs.
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Figure 3.1: The experimental set-up used for structuring of Si



3.1.3 Sample preparation

Single crystal n-type Silicon (1 0 0) wafers , of thickness 300-750 +/- 25 um thickness,
wereas cut in square shape by using a pen-diamond , in various sizes, depending on the
micro-structured surface size under study, each time. Substrates were first immersed in
a vial with ethanol, and left in ultrasound for 2 minutes and then dried with nitrogen

gas.

3.1.4 Thermal oxidation of the substrates

Before thermal treatment, Si substrates immersed in aqueous solution of
hydrofluoric acid (HF) with a concentration of 30% for 1 hour. Then dried with nitrogen

gas.

Flat and micropatterned Si substrates of all types of roughness were subjected to dry
thermal oxidation in a ceramic tube furnance at 1000°C for 90 minutes , with ramp rate
20°C/minute (Figure 3.2). The substrates were further processed to characterization and

deposition of the gold nanoparticles.
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Figure 3.2: Schematic cross section of resistance-heated oxidation furnace [E.H. Nicollins and J.R.
Brews, 1952129

3.2 Gold nanoparticles used

Colloidal gold nanoparticles (AuNPs), of spherical size and two diameters (i.e. 7 &
13 nm) have been used for the fabrication of the hierarchical micro-nano substrates.
The gold nanoparticles carried the follwongi functionalities: i) the oligopeptides
CALNN or CALNN-RGD, and small organic moieties, including the the stabilizer
citrate and the 4-dimethylaminopyridine (DMAP) (Figure 3.1a). All four types of gold

nanoparticles were in aqueous solution.

For the deposition of AUNPs on the microstructured silicon substrates, manufactured

gold nanoparticle solutions, which proportionally diluted either in nanopure water or in

45



pure ethanol. Figure 3.1 shows the chemical composition and the nomenclatures of the

functional groups of AuNPs . Table 3.1 shows the proportions of AuNPs solutions and

their sizes.
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Figure 3.1: Chemical structures of functional groups of AuNPs. Resonance of the DMAP molecule (a)
and schematic representation of a DMAP-Au NPs (b) [Biver, T et al., 2012'?%], RGD sequence, its
molecular formula and nomenclature (c) [Hersel et al., 2013%2], schematic representation of AuNP
formulation by one phase system by citrate reduction (Citrate-AuNP) (d) [Remant Bahadur et al.,
2014%7], pentapeptide CALNN structure [Lévy et al., 2004%%].

Table 3.1: Proportions of AuNPs solutions and AuNPs’ diameters.

AuUNP type Diameter (nm) Dilute solvent
DMAP 7 30% nanopure water
Citrate 13 30% pure ethanol

RGD 13 40% pure ethanol
CALNN 13 40% pure ethanol

*AuNPs synthesized from as.prof. Antonios Kanaras research group, at University of
Southampton , United Kingdom, Laboratory for Inorganic Colloidal Nanocrystals and

Applications.

3.3 Deposition of gold nanoparticles onto the microstructured silicon surfaces

In order to deposit the gold nanoparticles onto the microstructured silicon surfaces,

the micropatterned silicon substrates had to be activated and functionalized, i.e. to
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create surface functional groups, which tend to form covalent bonds with the gold
nanoparticles. The activation of the surfaces has been performed via the piranha
solution (i.e. a mixture of sulfuric acid and hydrogen peroxide, v/v: 3:1). Piranha
solutions are strong oxidizers and used to remove organic residues from substrates.
The functionalization of the surfaces was in turn performed with a Sulfur terminated

silane, the (3-Mercaptopropyl)trimethoxysilane (MPTMS).

Micropatterned silicon substrates have been thermally oxidized at 1000°C for 30
min in air. This treatment results in a conformal silicon oxide layer [REF]. Substrates
have been in turn functionalized with (3-Mercaptopropyl)trimethoxysilane (MPTMS).
For that, substrates have been activated via immersion in Piranha solution [i.e. H2SOa:
H20,=3:1 (v/v)] for 30min at room temperature (RT), followed by thorough rinsing
with nanopure water and drying with Nitrogen. Then, substrates have been immersed
in MPTMS solution in dry toluene [1.85% (v/v)] for 3hrs at RT followed by rinsing in
toluene and ethanol (two times), drying with nitrogen and thermal annealing at 1000C
for 30min.

For the binding of the nanoparticles onto the MPTMS-functionalized surfaces, drop
deposition has been followed. A drop of 20 pl has been deposited onto the MPTMS-
functionalized micropatterned silicon surfaces, let be evaporated for 16hrs, followed by
a thorough rinse with nanopure water to remove the nanoparticles that were not
immobilized. For the in vitro experiments with cells the RGD-terminated gold
nanoparticles have been used (RGD-NP micropatterned substrates).
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Figure 3.3: The general structure of a silane coupling agent includes a functional group or reactive
group at the end of an organic spacer [Hermanson Greg T.%37].

There are several silanes which offer functionalization on surfaces. To present
experiments used MPTMS ( (3-Mercaptopropyl)trimethoxysilane) (Figure 3.4).

OCHjy

HS/\,/—§i—OCH3
OCH

Figure 3.4: Chemical composition of MPTMS, with thol as functional group (SH) (adopted by
Sigma Aldrich)

To effect the binding of the silane, MPTMS diluted in dry toluene (organic
solvent),an substrates immersed in for 2:30hours, because the method of silanation,
which uses organic solvent is suitable for highly reactive silane derivatives, such as
MPTMS. Also, this method is convenient to use for the functionalization of metallic
nanoparticles, having the requisitt —OH end groups'®. Figure 3.5 shows the final

morphology of the functionalized silicon substrates.
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Figure 3.5: Covalent bond formation and coating of surfaces with functional silanes*3°.

After this experimental step, the substrates characterized via static contact angle

measurements (section 4.2.4).
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3.4 Characterization of the micro/nano patterned silicon surfaces
3.4.1 Scanning electron microscopy (SEM)
3.4.1.1 Technique

Scanning electron microscope (SEM) is a type of microscope that uses an electron
beam to illuminate the specimen and produce a magnified image. The beam of electrons
is produced at the top of the microscope (electron gun), follows a vertical path through
the column of the microscope, makes its way through electromagnetic lenses which
focus and directs the beam down towards the sample. The beam passes through pairs
of scanning coils or pairs of deflector plates in the electron column, typically in the final
lens, which deflect the beam in the x and y axes so that it scans over a rectangular area
of the sample surface. The focused beam of high-energy electrons generates a variety
of signals at the surface of solid specimens. The signals that derive from electron-
sample interactions reveal information about the sample, including external
morphology or surface topography, chemical composition and other properties, such as
electrical conductivity. The spatial resolution of SEM depends on the size of the
electron spot, which in turn depends on both the wavelength of the electrons and the
electron-optical system which produces the scanning beam. Depending on the

instrument, the resolution ranges between 1 and 20 nm. [N. Cortadellas et al., 2012%].
3.4.1.2 Experimental process

Micro-structured surfaces were morphologically characterized by scanning
electron microscopy (SEM). SEM was performed on a JEOL 7000 field emission

scanning electron microscope with an acceleration voltage of 15 kV.

3.4.2 Energy-dispersive X-ray spectroscopy (EDS)
3.4.2.1 Technique

As its name suggests, X-ray microanalysis involves using X-rays to study very small
scales, down to the micro or even nano- and atomic levels. In general terms, X-ray
microanalysis relies on the ability to detect X-rays generated when a specimen is
bombarded with high-energy electrons in an electron microscope, with the method used

to detect the X-rays defining the exact form of the technique. The X-rays can be
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detected using a crystal spectrometer fitted with a diffracting crystal to choose the
wavelength of interest, or they can be detected with an energy-dispersive spectrometer,
which can separate X-rays with different energy levels. An EDS system include: a
semiconductor detector, and a main amplifier that provides further amplification and a
fast pulse inspection function. All of this can be fully controlled with a computer-
assisted system. When the electron beam hits the sample, there is a high probability that
an X-ray will be generated. The resulting X-ray escapes the sample and hits the
detector. This short-lived current is then converted into a voltage pulse with an
amplitude reflecting the energy of the detected X-ray. Finally, this voltage pulse is
converted to a digital signal [John Wiley & Sons ,2015*%?]

3.4.2.2 Experimental process

In our case, EDS spectrums, ensured via SEM. So the experimental process is the
same as in section 3.4.1.2.

3.4.3 Wetting response by static contact angle
3.4.3.1 Technique

Contact angle analysis involves measuring the angle of contact (0) between a liquid
and a surface. The phenomenon of contact angle can be explained as a balance between
the cohesive force among the liquid molecules and the adhesive force between the
surface and the liquid molecules. When a drop of liquid is placed on a surface, it will
spread to reach a force equilibrium, in which the sum of the interfacial tensions in the
plane of the surface is zero: cos® = (ysv —ysL) / yLv, Where ysv represents the solid-vapor
surface tension, ysl represents the liquid-solid surface tension, and yw represents the
liquid-vapor surface tension. The energetics at each of the interfaces causes the droplet
(usually water) to assume a particular shape (different degree of spreading).
Calculations based on measured contact angle values yield an important parameter—
the solid surface tension, which quantifies the wetting characteristics of a solid material.
Depending on the contact angle value, a surface can be characterized as hydrophilic
(<90°) or hydrophobic (>90°) (Figure 3.6). There are a number of ways to measure the
contact angle including sessile drop, captive air bubble method, capillary rise method.

Contact angle analysis provides a first screening of material surface and gives an insight
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into how the surface will interact with the external world. It indirectly measures surface
energy, roughness, contamination, etc. and directly surface wettability. Wettability (or
wetting response of a surface) is very critical in the early stages of many interfacial

phenomena, such as cell — biomimetic surfaces interactions*1214:2,

3.4.3.2 Experimental process

Static contact angle measurements were performed using an automated tension
meter, using the sessile drop method. A 2-3 ul distilled, deionized millipore water
droplet was gently positioned on the surface, using a microsyringe, and images were
captured to measure the angle formed at the liquid— solid interface. The surfaces being

measured had a surface area of at least 5x5 mm?. All experiments were carried out under
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Figure 3.6: A sessile liquid drop on (a) a hydrophilic and (b) a hydrophobic surface [V. Zorba,2007%]

normal atmospheric conditions and at an ambient temperature of 20°C. The mean value
was calculated from at least three individual measurements. Successive measurements

were reproducible within + 1°.

3.4.4 Ellipsometry
3.4.4.1 Technique

Ellipsometry is a an optical measurement technique to measure the transmission and
reflection properties after light is incident on some material. The name ellipsometry
comes from the fact that most often light becomes elliptically after passing through the
medium. In ellipsometry change in polarization state is studied to infer properties of
medium [Chauhan, Sourabh Singh,2014**7]. When a monochromatic, plane light wave
is directed at a surface at oblique incidence, the plane of incidence is defined as a plane

perpendicular to the surface and containing the vector which points in the direction of
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propagation of the light wave. Figure 3.7 illustrates how a beam of linearly polarized

light incident, on a film-covered surface is reflected (r).

incidenc Rellect 0 Reflect 1 Rellect 2
D\'
tRRg

Figure 3.7: Reflection and transmission of polarized light from a transparent film covered surface,
where d is the thickness of the film?!34,

3.4.4.2 Experimental process

In our case, the measurements for the thickness of silicon oxide made by, the
ellipsometer 439, rudolph instrments company. The arrangement of optic comprising
shown in Figure 3.8.

Beam with wavelength A = 632.8 nm produces a laser He-Ne and vertically passes
initially through a linear polarizer, and subsequently, by a delay chip phase =/ 2
(compensator). The resulting package, incident on the sample at an angle, and regulated
by turning the axle, which includes the laser, the polarizer and the compensator. The

sample is placed on a regulated basis. The reflected beam passes by a diaphragm and
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Figure 3.8: Schematic diagram of ellipsometry device [Débora Goncalves and Eugene A. Irene, 2002%3].

then by another linear polarizer (the analyzer), resulting in the light detector
(photomultiplier). The light entering the detector is limited by using an interference
filter. The polarizer and the analyzer revolve around the direction of light propagation,
and on the side supplied evidence (degrees) for the angle between the optical axis with
the components of the passing wave. The compensator is located permanently at a 45°

to produce elliptical polarized wave [R.M.A. Azzam and N.M.Bashara,1977%].
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Simultaneously adjusting the angle polarizer - analyzer achieves the minimum
intensity of the beam reaching the detector, and note the angles of analyzer and
polarizer. Then, measure the complementary angle rotating the polarizer, and the
opposite angle of the analyzer, until reach the minimum intensity of the beam. Through

a number of equations can be calculated the film thickness.

3.4.5 Optical reflectance measurements
3.4.5.1 Technique

A common way to measure reflectance and transmittance from strongly scattering
materials is to use an integrating sphere; a hollow sphere coated internally with a matte
finish, diffusing type material. In this way the light that enters the sphere can be
scattered uniformly around its interior through multiple reflections, before it is detected.
The measurements were performed using a UV/VIS/IR spectrophotometer equipped
with an integrating sphere (PerkinElmer Lambda-950). An all-reflecting, double
monochromator optical system was used, for the UV/Vis and NIR range. The two
radiation sources, a deuterium lamp and a halogen lamp covered the working range of

the spectrometer.
3.4.5.2 Experimental process

Initially, ensure that the sample is clean, and the radiation beam is incident only on
the sample area we want to measure. Then, substrates placed on a black cardboard (it

absorbs radiation) and fixed with a tape.

3.5 In vitro experiments with NSCs on the micro-nano patterned substrates
3.5.1 Substrate preparation

The substrates, before used for cell cultures, sterilized by precipitation in 100%

ethanol for 30 minutes and then rinsed with sterile double deionized water.
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3.5.2 Cell culture

NSCs isolated and expanded from the cortices of mouse embryons in the 14"
embryonic day (E14) using the neurosphere assay. Tissue was isolated and
mechanically chopped and then processed to a single-cell suspension. The NSCs were
cultured in the presence of epidermal growth (epidermal growth factor, EGF 20mg/ml)
and fibroblast growth factor-2 (FGF- 2, 20 ng/ml), heparin (5 pg/ml) and supplemented
with N2 12%) which allows the formation of spherical aggregates (neurospheres) after
5-7 days consisting of multipotent stem cells. The cultures maintained at 37°C in a
humidified incubator . Every 4-5 days, the spheres passaged, re-suspended into single
cells and then seeded onto the surfaces and allowed to grow for 5 and/or 7 days.

3.5.3 Characterization of cellular response
3.5.3.1 Fluorescence microscopy
3.5.3.1.1 Technique

Fluorescence results when molecules called fluorophores absorb light, which briefly
raises their energy level to an excited state. They emit fluorescent light as they decay
from this excited state. In general, a fluorophore excited by high frequency light
(wavelengths in the ultraviolet, violet, or blue region of the spectrum), and emit light at
slightly lower frequencies (wavelengths in the green or red region of the spectrum).
Fluorophores come in a range of colors that span the visible spectrum (traditionally red,

green, and blue fluorophores are used) [Ghiran and lonita C.,2011%®].

Fluorescence microscope uses ultra violet light that excites fluorescent molecules in
the sample of interest. The microscope uses a dichroic mirror that reflects light shorter
than a certain wavelength but transmits light of longer wavelength. Thus, the light from
the main source is reflected and passes through the objective to the sample, while the
longer-wavelength light from the fluorescing specimen passes through both the

objective and the dichroic mirror [Semwogerere et al.,2005**°] (Figure 3.9).
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Figure 3.9: Fluorescent filter setup 38,
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3.6.3.1.2 Experimental process

The morphology and proliferation of NSCs on the fabricated biomimetic substrates
was investigated using immunocytochemistry (evaporation of antibodies labeled with
fluorescent dyes) for the expression of Nestin, a specific a cytoplasmic stemness
marker and the proliferative potential was determined by the ki67 marker which was
detected in the nuclei of the proliferating NSCs. The cells imaged at confocal scanning

microscope Leica SP8.
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4  Experimental part : Results

4.1 Morphological characterization of artificially structured silicon surfaces

In order to study the effect of platform architecture on primary neural stem cell
adhesion and proliferation, ultra-short pulsed laser structuring was applied on
crystalline silicon (Si) wafers. This technique offers the advantage of patterning Si
surfaces with periodic arrays of topographical features of microscale size, while
offering high accuracy and reproducibility’®. By varying the laser energy per unit area
(fluence), substrates with different roughness have been obtained. At low laser fluence
values, the irradiated surfaces comprised submicron-sized ripples, while at increased
laser energy, quasi-periodical arrays of conical microstructures (denoted as microcones

-MCs- or spikes) were formed (Figure 4.1).

More specifically, we examined the effect of the different laser fluences in a range
of 0,17 to 0,78 (J/cm?), which means different laser beam intensity, as well as the effect
reactive gas pressure (SFs). The parameters that have been kept constant was the laser
wavelength (1) at 1026 nm, the repetition rate (f) at 1kHz, the pulse duration (t) at 180fs

and the irradiation step axes (X,y).
4.1.1 Micropatterned silicon surfaces

In this section we study the formation of microstructures on the surface of Si, by
using the Ti:Sapphire laser system (A=1026 nm, =180 fs), operating at a repetition rate
of 1 kHz and SFe gas pressure at 650 mbar. The effect of the laser processing parameters
on the morphology and geometrical characteristics of the fabricated structures was
investigated via scanning electron microscopy (SEM). As shown in Figure 4.1, upon
increasing laser fluence, conical microstructuring is promoted on the Si surface, with
structures becoming more pronounced and spatially separated. In this case fluences
varied from 0,17 J/cm? to 0,78 J/cm?,

4.1.1.1 The effect of laser fluence

We chose three different topographies as low (0.17J/cm?), medium (0.35J/cm?) and
high (0.57J/cm?) roughness (Figure 4.2) . As the laser fluence increased, spikes density
(MCs number/cm?) and interspike distance (um) decreased. It has to be noted that, for
all fluencies the direction of MCs is the same, and it is perpendicular to the beam

polarization (or else to the electric field), (Figure 4.2C).
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Figure 4.1 : Side SEM images of Si microstructures with increasing laser fluence (a to m). The effect of
increasing laser power beam (mW) lead to fluences (a) 0.17 J/cm?, (b) 0.22 J/cm?,(c) 0.26 J/cm?,(d) 0.30
Jlem?,(e) 0.35 J/cm?,(£)0.43 Jicm? , (g)0.48 J/cm?, (h)0.52 J/ecm?,(i) 0.57 J/cm? ,(j)0.61 J/cm?,(k) 0.65
Jlem?,(1) 0.70 J/cm?,(m) 0.78 J/cm? .

For further investigation, we chose three types of roughness (low, medium, high), as
shown with red color, in Figure 4.1. As shown in Figure 4.2 for fluencies 0.22J/cm? ,
0.35 J/cm? and 0.57J/cm? (for low, medium, high roughness substrates respectively),
MCs' density decreases with increasing laser fluence. Specifically its value ranges from
to 10° to 10’/cm? (MCs density is 10.78+0.04 , 6.80+0.10 and 4.69+0.04 on low ,
medium and high roughness substrates, respectively). While spike density was lower in
the high roughness structures, the MCs height increased. More specifically, MCs height
varied from 3.21 + 0.48 um in the low roughness structures to 13.81 = 2.00 um in the
high roughness structures (Table 4.1). Also, the interspike distance increase , while the
fluence and spikes height increase. More specifically, MCs distance varied from

3,51+0,35 um in the low roughness structures to 7,2+1,7 pum.
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Figure 4.2: General characteristics of the laser patterned Si
substrates: (A)Side SEM views of the as-prepared Si spikes surfaces
structured at three different laser fluencies: (a) 0.22 J/cm? (low
roughness) (b), 0.35 J/ cm? (mid roughness) (c), and 0,57 J/ cm? (high
roughness). (B) Cross section images of (d) low, (e) medium and (f)
high roughness Si substrates, for height measurements. (C) Spot
areas of (g) low (25mW) and (h) high (65mW) roughness substrates.
The double narrow indicates the beam polarization. (D) Schematic
illustration of a geometrical model for the underlying surface
topography based on the lateral cut views (B) of the laser patterned
surfaces. Abbreviations in (D) area: spike height, c: interspike
distance. Top SEM views revealed an elliptical base of the microcones
which was more pronounced as the laser fluence/ surface roughness
are increased.
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Table 4.1: Geometrical characteristics of the different micropatterned Si substrates. *

Type of Density Height, Interspike Fluence
roughness | DSTDEV | a+ STDEV Distance, (J/cm?)
(*10%/cm?) (pm) ¢+ STDEV

(wm)
Low 10.78+0.04 | 3.21+0.48 3,51+0,35 0.22
Medium 6.80+0.10 4.51+0.33 5.52+0.80 0.35
High 4.69+0.04 | 13.81£2.00 7,2+1,7 0.57

* Geometrical characteristics of the different substrates used for this study, calculated out of the scanning
electron microscopy (SEM) images with the aid of image processing software (ImageJ). The mean values
were calculated from at least four individual measurements.

4.1.1.2 The effect of SFs gas

In this section we examine the effect of reactive gas (SFe) on the morphology of
microstructured Si substrates. The Si structures fabricated in vacuum were blunt,
irregular and shorter than spikes fabricated in SFe environment(Figure 4.3). The
reactive gas, plays a distinct role in the spikes fabrication process, since it determines
the sharpness of the structures obtained (Figure 4.4). However they became more
pronounced and with increasing ambient gas pressure (300-800 mbar) as shown in
Figure 4.5. Increasing reactive gas pressure, with constant laser fluence and pulses

number, acts favorably to the formation of second-lengthscale roughness on the surface

of the cones.

Figure 4.3: Sem images from Si micropatterend substrates for three different micro-topographies ,
(@)low, (b)medium and (c)high roughness (25mW, 40mW and 65mW respectively) , fabricated in
vacuum environment. Comparing these structures to that of Figure 4.2A, wherein the laser parameters
was the same, but the irradiation environment was in reactive gas atmosphere (SFe) , we see that the
structures prepared in vacumm are blank , opaque and irregular.
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Figure 4.4 shows that the SFe has a dramatic effect on the height of MCs in low
fluencies. More specifically, as shown in Table 4.1 height of fabricated MSCs in SFe
gas atmosphere (650 mbar) is 3.21 + 0.48 um, 4.51£0.33um and 12.81£2.00 um for
low, medium and high roughness substrates respectively. Height measurements of MCs
which fabricated in vacuum atmosphere varies from 0.31+0.5um in the low roughness

structures to 13.01£2.00um in the high roughness structures.

FORTH-IESL i [l FORTH-IESL 000 WD 1051 10n

Figure 4.4: Cross section SEM images of (a) low, (b) medium and (c) high roughness Si micropatterned
substrates fabricated in vacuum environment, for MCs height measurements. Respectively height is
2.10+0.5um , 4.49+0.65um and 13.01£2.00pum.

Table 4.2: MCs height measurements for two different irradiation environments.

Type of Height, a =+ STDEV (um)
roughness Vacuum SFe reactive gas
Low 2.10+0,5 3.21+0.48
Medium 4.19+0,65 4.51+0.33
High 13.01+2.00 13.81£2.00

Figure 4.5 shows cross-section SEM images from micro-structured Si surfaces
irradiated in two different SFs gas pressures (300 & 800mbar). Double-scale roughness

becomes more obvious.

300 mbar 800 mbar

7500 WD 10.7mm 1zm

o] OKY  X7,500 WD 10.1mm

1um



Figure 4.5: SEM images of Si low roughness micropatterned structures in (A) 300mbar SF¢ pressure
and (B) 300mbar SF6 pressure. MCs height is 2.43+0.53um and 3.44+0.34pum respectively. a)
Magnification to a single peak of (A), b) Magnification to a single peak of (B).

Table 4.3: Comparison of low roughness Si MCs height measurements for four
different condition environments.

Type of Height, a = STDEV (um)
roughness
Low Environment Vacuum SFs (300mbar) SFe (650mbar) | SFs (800mbar)
condition
roughness 2.1020.5 2.4320.53 3212048 | 3.4420.34

Elemental analysis with Energy-dispersive X-ray spectroscopy (EDS), showed that

substrates that have been irradiated with SFe contained greater concentration of

fluorine radicals, as shown in Figure 4.6.

Figure 4.6: EDS spectrum of Si micropatterned substrates in different irradiation environment

conditions. (A) Si substrates irradiated in vacuum, (B) Si substrates irradiated in different SF¢ gas
pressures (yellow: 800mbar, blue: 650mbar, red: 450mbar, green: 300mbar). The amplification of the

signal for the fluorine , reduces as the SF¢ gas pressure reduces.
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4.1.2 Hierarchical micro/nano patterned surfaces

Scanning Electron Microscopy (SEM) confirmed the i) successful binding of the
gold nanoparticles on the micro-structured substrates, ii) all the types of spherical gold
nanoparticles, regardless of diameter and functional groups have a very nice and

homogeneous distribution with single nanoparticles. This was independent of the

substrates’s roughness.

(B) Gold nanospheres : diameter 13 nm (A) Gold nanospheres : diameter 13 nm
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Figure 4.7: SEM images from
hierarchical structured Si
substrates with gold
nanoparticles.

On low roughness (Fig4.7B) Si
substrate with evaporated gold
nanospheres diameter:13nm.
Magnification on a single peak.

On high roughness (Fig 4.7A) Si
substrate with evaporated gold
nanospheres diameter:13nm.

On medium roughnes (Fig 4.7C) Si
substrate with evaporated gold
nanospheres diameter:7nm. High
magnification on a single peak.

(C) Gold nanospheres : diameter 7 nm
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4.2 Wetting response of the micro-nanopatterned substrates

Controlling the wetting properties of artificial hierarchical surfaces, in this section
we systematically study the wetting response of Si surfaces structured using the
Ti:Sapphire fs laser source (A=1026 nm, t=180 fs). In particular we examine the effect
of roughness of micro-structured Si substrates, fabricated in both vacuum condition and
in the presence of various SFs gas pressure. Also, we study: the effect of silicon oxide
(SiOy) thickness layer, the effect of silane and finally the effect of gold nanoparticles
(AUNPs).

4.2.1 The effect of roughness

Laser structuring of Si in a reactive gas (SFs) atmosphere, was shown to greatly
enhance the overall roughness of its surface (section 4.1.1.2). In this section we study
the effect of different surface morphologies on the wettability of processed Si. Textured
Si surfaces have been fabricated by employing the same wavelength (1026 nm), with
increasing the beam intensity for constant SFe gas pressure to 650 mbar. We chose three
different topographies as low (0.22J/cm?), medium (0.35J/cm?) and high (0.57J/cm?)
roughness (Figure 4.2A). Table 4.4 shows that as the fluence increses, surface become
more hydrophobic (increase of static contact angle (C.A.)). The control substrates for
the C.A. measurements, was the flat Si substrate. Micro-structured substrates are
(5.5x5.5)mm , flat Si is (6.0x6.0)mm and water droplet’s volume is stable to 3ul.
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Table 4.4: Static contact angle measurements of increasing roughness micro-
structured Si substrates.

Type of roughness

Flat Si

Low roughness

Medium
roughness

High roughness

A

C.A. = STDEV (9

75+4.8

113+3.7

127+1.3

Super-
hydrophobic

4.2.2 The effect of irradiation environment

The role of irradiation environment is very important for surfaces’ wetting
properties. As we’ve already seen in section 4.1.1.2 , laser irradiation in vacuum
environment leads to blank and irregular surface morphology of Si MCs (Figure 4.3),
in contrast with the irradiation in the presence of reactive gas SFe which leads to more
sharp surface morphology, by adding disorderly nano-roughness because of the fluorine
radicals (Figure 4.2A). Also, by increasing the SFe gas pressure, increasing the MCs’
height (Figure 4.5) and their nano-topography.

To investigate the effect of vacuum irradiation environment, have to compare the
static contact angle measurements of this case, with the C.A. measurements of micros-
structured Si substrates which irradiated in the presence of constant pressure SFs gas,
with the same laser parameters (fluence, pulse duration). Micro-structured substrates’
size is (5.5x5.5)mm , with stable droplet volume to 3ul. Table 4.5 shows the effect of
two different environment conditions for the same laser parameters (fluence, pulse

duration).
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Table 4.5: Static contact angle measurements for irradiation environments.

Type of roughness

Irradiation environment

Vacuum SFs (650 mbar)

Low roughness

=

C.A.+STDEV (°)

67+3.9 113+3.7

Medium roughness

C.A. = STDEV (°)

108+£2.3 127+1.3

High roughness

Super - hydrophobic

C.A. = STDEV (°)

110£2.1

Note that the effect of the SFe gasis evident, as the difference in the C.A. measurements

is pretty high. Also, low roughness substrates present even greater change, as the

surface converts from hydrophilic to hydrophobic.
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As was shown in section 4.1.1.2 irradiation at higher SFe gas pressure, leads to
structures with more pronounced nano-roughness because of increased concentration
of fluorine radicals on MCs’ surface and to more sharp morphological surfaces. Table
4.6 shows the comparison of C.A. measurements between low roughness micro-
structured substrates fabricated in constant SFes gas pressure (650 mbar) and low
roughness micro-structured substrates fabricated in different gas pressures (300, 450
and 800 mbar).

Table 4.6: C.A. measurements of low roughness micro-structured Si substrates

irradiated in different SFs fas pressure.

Type of roughness SFs gas pressure

Low roughness 300 mbar 450 mbar 650 mbar 800 mbar

C.A. +£STDEV (°) 110+0.3 112+2.3 113+ 0.5

115+0.3

Note that, for SFe gas pressure to 650 mbar, C.A. measurement identical with the
corresponding C.A. measurement in Table 4.5. Also, our first morphological
characterizations are confirmed. As the SFs gas pressure increase, thus increasing nano-

roughness of the surface, so the surface becomes more hydrophobic.

4.2.3 The effect of SiOz2 thickness layer

In this section we study the effect of SiO layer , fabricated via dry thermal oxidation
for different thermal oxidation times . Higher oxidation time leads to thicker SiO> layer.
Three different SiO> layers have been fabricated and characterized via ellipsometry

technique (section 3.5.4), for three different oxidation times (Figure 4.8).

66




SiO, thickness (nm)

SiO, thickness layer - Thermal oxidation time

260

I I

240

9h

220

245,2 nm

200

| = SiO, thickness]
180

160 ‘ l

I
140 - 1:30 h
120

— 100,6 nm
100

80

60

401 1/4h

20 | 2,7 nm
0 | |

0 1 2 3 4 5

6 7 8 9 10

Thermal oxidation time (hours)

SiO, thickness
flat Si

Figure 4.8 :
,growth  on

layer

substrates,

measurements via ellipsometry, for
three different oxidation times (15min,

1:30 hour and 9 hours), in 1000°C
repetition rate 20°C/min.

, with

C.A. measurements refer to high roughness micro-structured Si substrates (fluence:

0.57J/cm?, SFe:650mbar), which have been fabricated under the same irradiation

conditions and oxidized by the same way. Table 4.7 shows the C.A. measurements

from both flat (control) and micro-structured Si substrates before and after thermal

oxidation in different times. Droplet volume is stable to 3ul and micro-structured

substrates’ size (5.5x5.5)mm.

Table 4.7: C.A. measurements for different SiO- thickness layer on both flat and high

roughness mico-structured Si substrates.

Type of roughness

Before thermal

Flat

oxidation

SiOz thickness layer (nm)

2.7 £0.5

100.6+0.5

245.2+0.5

A

———

C.A.+STDEV (°)

75+4.8

46 +3.4

54+44

45+ 34

High roughness

Super-
hydrophobic

C.A. £ STDEV (°)

Super-hydrophilic

7+1.2

16+1.0
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4.2 .4 The effect of silane

Silanization process, refers to the binding of a chemical substance, namely MPTMS
(section 3.3.3) on microstructured silicon surfaces, for successful binding of gold
nanoparticles. MPTMS attach to the surface a negative charge, because of the sulfur

cation.

Contact angle measurements, to study the effect of silanization, on flat and
microstructured silicon substrates, refer to three micro-roughnes (low, medium and
high), which have been fabricated with the same irradiation conditions and different
beam intensity, in presence of pressure gas, stable at 650 mbar.

Table 4.8 shows the change of contact angle between silicon substrates without and
with, silane. C.A. measurements refer to flat, as well as microstructured silicon

substrates for three different micro-topographies.

Table 4.8: C.A. measurements of both flat and micro-structured silicon surfaces (low,

medium and high roughness), before and after silanization.

Type of roughness | Before silanization | After silanization
Flat

C.A. = STDEV (°) 75+4.8 56+4.5
Low

C.A. = STDEV (°) 113+£3.7 122+2.8

Medium

C.A. = STDEV (°) 127+1.3 133+1.2
High Super-hydrophobic | Super-hydrophobic

C.A. = STDEV (°)
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4.2.5 The effect of gold nanoparticles

In this section, we will study the wetting properties, of flat and microstructured
silicon surfaces with three roughness (low, medium and high), with deposited gold
nanoparticles, inspherical shape, with diameter of 7nm and 13 nm. Each of them, bears
a different terminal functional group that imparts a different charge on the respective

surface. In general gold nanoparticles, lead to hydrophilic surfaces.

Measurements of contact angle, referred to flat and microstructured silicon
substrates fabricated with the same irradiation parameters, with and without gold
nanoparticles. The types of gold nanoparticles deposited are: RGD-terminated AuNPs
(13nm), DMAP-terminated AuNPs (7nm), Citrate-terminated AuNPs (13nm) and
CALNN-terminated AuNPs (13nm), (more details in section 3.2).

Table 4.9 shows C.A. measurements of flat and micro-structured Si surfaces before
and after AuNPs evaporation. Micro-structured substrates’ size (5.5x5.5)mm, water
droplet’s volume was stable to 3ul and AuNPs drop volume was stable to 50ul for all

the substrates (flat and micro-structured).
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Table 4.9: Comparison of C.A. measurements of both flat and microstructured Si

substrates without AuNPs, and with four different types of AuUNPs.

Type of Without AuNPs Type of AUNPs
roughness RGD CALNN Citrate DMAP
Flat
CA.=STDEV 75+4.8 72+£3.2 66+2.6 64+2.4 38+1.4
©
Low
CA. = SIDEV 113+3.7 94+3 .9 80+2.7 79+2.8 7+£1.2
©
Medium
CA. = SIDEV 127£1.3 68+2.8 73£2.6 30+£1.9 4+1.1
©
High Super- Super- Super- Super-
hydrophobic hydrophilic hydrophilic hydrophilic

C.A. + STDEV

©

6+0.7

Note that the greater C.A. change, refers to DMAP-AuUNPs, which convert all the

substrates to hydrophilic and more specifically super-hydrophylic.
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4.3 Optical properties of micro/nano - patterned substrates

Si is a semiconductor commonly used in optoelectronic devices, such as solar cells
and photodetector applications. Furthermore, the crystalline Si band gap (1.1 eV) makes
its absorption and photoresponse to abruptly decrease for wavelengths typically above
1100 nm.

In particular, in this chapter we study the optical properties of laser structured Si.
Using different beam intensity, we fabricate extended areas of Si spikes, with three
different fluencies 0.22J/cm? , 0.35 J/cm? and 0.57J/cm? (for low, medium, high
roughness substrates respectively), and measure the reflectance as a function of
wavelength. Also we study the effect of silicon oxide layer (SiO2) on the optical
reflectance of both flat and fabricated structures, as well as their response to evaporated

sphere gold nanoparticles (AuNPs), with diameter 7nm and 13nm.

4.3.1 The effect of roughness
We measure the total hemispherical reflectance (R) of our samples from 250 nm to

2500 nm using the spectrophotometer described in section 3.5.4, equipped with an
integrating sphere. The samples fabricated with the same laser pulse duration (180fs),
same wavelength (1026nm) and stable SFe gas pressure (650 mbar). Figure 4.9 shows
the reflectance measurements of three bare Si microstructured substrates with different
fluence (0.22J/cm? , 0.35 J/cm? and 0.57J/cm?).
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Figure 4.9: Reflectance of bare Si structured using the 180 fs pulse duration at 1026 nm
laser source. The same measurements are shown for unstructured (flat), single crystalline
Si for reference.

4.3.2 The effect of SiO2 layer

Through the dry thermal oxidation, a silicon oxide layer (SiO2 thickness: 100.6nm)
grow on Si substrates (flat and micropatterned). Due to the different optical properties
of SiO- (e.g. permeability, multiple reflections-refractions, low absorption [Ji, Yi-Qin
et al., 2014*Y), a spectacular change of the reflective spectrum for bare

microstructured silicon is observed.

Figure 4.10A shows the reflectance measurements of a flat crystalline Si substrate

before (bare) and after (oxidized) dry thermal oxidation.

Figure 4.10B shows the reflectance measurements of a micro-structured Si

substrate (low roughness — 0.22J/cm?), before (bare) and after oxidation (oxidized).
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4.3.3 The effect of gold nanoparticles

Because of their unique optical properties, gold nanoparticles are under investigation
for many applications. In this section we study the reflectance of a system with many
“layers”, to investigate the effect of gold nanoparticles. The system structure is: Silicon
(flat and micropatterned-low roughness) — SiO- layer growth — spherical AUNPs (13nm

and 7nm diameter).

Figure 4.11A shows the effect of gold nanoparticles on reflectance spectrum of flat

Si substrate.
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Figure 4.11B shows the effect of gold nanoparticles on reflectance spectrum of low

roughness micro-structured Si substrate.
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Figure 4.11: Reflectance spectrums on nano-structured Si substrates, via gold nanoparticles (AuNPs).
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(A)

Comparison of reflectance spectrum flat Si substrates, with different surface topography (bare Si, oxidized Si, AuNPs
with 7nm (pink line) and 13nm (blue line) diameter). (B) Comparison of reflectance spectrum of micro-structured Si
substrates (low roughness), with different surface topography (bare Si, oxidized Si, AuNPs with 7nm (pink line) and
13nm (blue line) diameter).
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4.4 NSCs growth and differentiation on the micro/nano patterned surfaces

Hierarchical surface structures have been used as tissue regenerative materials
because they prompt an outstanding variety of cellular activities. Surface properties
(e.g., surface energy, roughness, and chemical composition) of the tissue-engineered
scaffolds are important design parameters because they are closely related to various
cellular activities, such as cell adhesion, migration, growth, and differentiation®. In our
case, hierarchical surfaces have been assigned via functionalized gold nanoparticles
(AuNPs) deposition on micro-structured Si surfaces, because they have been employed
as a common platform to construct nonviral vectors in gene delivery. Chemical
conjugation of oligonucleotides onto AuNPs increases its cellular stability due to
elevated steric inhibition of nuclease digestion, which is a likely cause of tight

packing?’.

In this section, we will study the cellular response of NSCs, on microstructured
silicon surfaces (medium roughness), with deposited gold nanoparticles, in spherical
shape, with diameter of 7nm and 13 nm. The types of gold nanoparticles deposited are:
RGD-terminated AuNPs (13nm), DMAP-terminated AuNPs (7nm) and Citrate-
terminated AUNPs (13nm) (more details in section 3.2). RGD-terminated AuNPs shows

the greater number of attached NSCs (yellow arrows) (Figure 4.14).

Figure 4.14 shows the cellular response of primary NSCs cultured on medium
roughness substrates, with three different functionalized AuNPs on their surfaces, for 5

days. Medium roughness

a) DMAP-AuNPs ¢) RGD-AuNPs

Figure 4.14: Confocal microscope images of NSCs
cultured for 5 days in medium roughness micro-
patterned substrates with 3 different AuNPs types
(a)DMAP-AuUNPs, (b)Citrate-AuNPs and (c)RGD-
AuUNPs.

b) Citrate-AuNPs

*The cellular process performed by Post.Doc. Kanelina Karali.
75



5 Discussion & Conclusions

5.1 Micropatterned Si substrates fabricated via ultrashort-pulsed laser processing

as artificial biomimetic surfaces.

The fabrication of biomimetic surfaces constitutes a research area of great interest.
The reason is the unique properties of these surfaces, which find numerous applications
including nanoscale devices, water repellence, and self-cleaning surfaces, drag
reduction in fluid flow, energy conversion and conservation, high adhesion, materials
and fibers with high mechanical strength, antireflection and structural coloration
[Stratakis, E. I., & Zorba, V., 2010%].

Various methods have been developed for structuring surfaces and fabrication of
micro-nano-patterned and hierarchical surfaces such as electron — beam lithography [E.
Martines et al., 2008°], photolithography [J.-Y. Shiu et al., 2004°], plasma treatments
[1. Woodward et al., 200%]. A promising technique for fabrication of micro structures
with different scale topographies is irradiation using pulsed laser, with pulse duration
lower than a second, i.e. short and ultra-short pulse. With proper setting of the laser
parameters (e.g. fluence) and the environment (reactive gas), it is possible the formation
of surfaces with different morphologies. The wetting [Hermens, U., 2016°], optical
[Rudenko, A et al., 2016°], microfluidic [Stratakis et al., 2011*] and surface properties
[Simitzi, C. et al, 2015'*]of micro-structured silicon surfaces, have already studied.

The approach used in the present study involves the fabrication of microconical
structured silicon surfaces by ultra-short pulsed laser processing. The aim was to
investigate the wetting and optical properties of these surfaces , for different irradiation
parameters, surface functionalization via chemical process and via coating of gold
nanoparticles. Furthermore , we wanted to see the influence of all the above parameters

on neuron cells response.

5.2 Irradiation parameters influence the surface micro-topography

The irradiation of a solid surface via ultra-short fs pulsed laser, lead to
microstructures of various morphologies depending on the unique laser-matter
interactions. Microstructuring by ultra-short pulsed lasers is an especially attractive

approach, because it leads to the formation of arrays of high-aspect ratio microcones
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(MCs) on solid surfaces [Stratakis, E.,2012€]. Proper tuning of the laser (such as laser
fluence, repetition rate, etc.) and reactive gas parameters (such as pressure) can lead to

the formation of structures with different morphologies [Zorba V. et al., 2006°].

In this study we have shown that by keeping constants four experimental parameters,
(i.e. wavelength, repetition rate, irradiation environment and pulse duration) and by
changing only the beam power, the surface micro-topography can change dramatically
in a very controllable manner. Increased beam power (25-65mW) or fluence (0.22-
0.57)J/cm2) lead to increased, MCs’ height (3.21-13.81um) and the structures becoming
more pronounced and spatially separated.

Furthermore, irradiation environment is a very important parameter for the
topography of the substrates. We have shown that, silicon substrates which have been
irradiated in vacuum comprised blunt, irregular and shorter pikes than the ones which
have been fabricated in reactive gas (SF6) environment. In the latter case, spikes were
sharp and they exhibited on their surface roughness in the scale of nano-. Furthermore
by increasing the ambient gas pressure the formation of second-lengthscale roughness
on the surface of the cones is more obvious and in bigger concentration. So, the effect
of irradiation environment, plays a distinct role to the nano-scale roughness of the

substrate, and hierarchical structures are created.

The surface response to the above parameters has been previously studied [Her, T.
H et al., 1998%°;Zorba Vet al, 2008°%;Stratakis, E et,all 201'4], with the same efficiency.

5.3 The influence of surface micro-topography on its wetting properties.

The control of the wetting properties of surfaces, and particularly the possibility of
inducing superhydrophilic and superhydrophobic (the so-called “Lotus effect” [W.
Barthlott, C. Neinhuis, 1997'*!] behavior by micro-nanostructuring is arising an
increasing interest for a wide range of applications, such as, self-cleaning surfaces,
biological scaffolds, microfluidics, lab-onchip devices, water proof coatings for
automotive and aerospace vehicles, textiles [A. Nakajima et al., 1999'4%;Z. Yoshimitsu
et al., 2002143;N. A. Patankar, 2003'#4]. The properties of the lotus leaf have been
ascribed to the complex morphology present on its surface, consisting of hierarchical

structuring, at two different lengthscales. As a consequence, the main strategy for the
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fabrication of any artificial superhydrophobic and water-repellent surface has been to
mimic its surface topology.[Zorba V. et al., 2008%3]. According to this model, we can
study the wetting properties of surfaces, e.g. static contact angle measurements, and

associate them for microfluidics applications [Stratakis, E et,all 2011%] .

The shape of the droplet on a flat surface described by Young’s equation (section
3.4.3.1). The effect of the macroscopic surface roughness on the wettability of surfaces
has been theoretically approached by two different models. In the Wenzel model [R. N.
Wenzel, 193649, the liquid is assumed to completely penetrate within the entire rough
surface, described as “homogeneous wetting regime” without leaving any air pockets
underneath it (Figure 5.1 (a)). This model predicts that the contact angle will decrease
/ increase with surface roughness for an initially hydrophilic (60<90°) / hydrophobic
(00>90°) surface, since the ratio of the unfolded surface to the apparent area of contact

under the droplet (r) is always greater than unity.

In contrast, Cassie and Baxter (CB) model assumes [A. B. D. Cassie, 194414°] that
the liquid does not completely permeate the rough surface because air gets trapped
underneath it (“heterogencous wetting regime”). As a result a droplet will form a
composite solid liquid / air —liquid interface with the sample in contact, and the effective
surface energy of the scaffold below the water will be dominated by air. As the ratio of
the area of the projection surface, which comes into contact with the drop, to the area
of the total projected area (fis) is lower than the unity this model always predicts

enhancement of hydrophobicity, independently of the value of the initial contact angle
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Figure 5.1 (a) : Wenzel model N general: cos Yice) + fis # 17fis cos 9o

B(ce): apparent contact angle
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r¢ : roughness ratio of the wet area
Ow: apparent contact angle

Figure 5.1(b): Cassie-Baxter model
r<1

ri=1-> cos B(ce)=- 1+ fis (1+ cos 60)

*Bo is the static contact angle according to Young’s equation If - fis <1 - Enhancement of hydrophobicity
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Based on the above in this study we have observed that, as the roughness of the
surface increased, static contact angle increased also. Furthermore, as the second scale
roughness increased, static contact angle increased much more. We suppose that the
wetting response of the substrates fabricated via ultra-short pulsed laser in ambient gas
can be described by the Cassie-Baxter wettability model. This occurs because the initial
contact angle, ie on flat silicon was < 90° (hydrophilic) and after irradiation in gas
ambient became hydrophobic (>90°) for low laser fluence and super hydrophobic for
higher fluence, which opposes to Wenzel theory. Also increased gas pressure (i.e.
increased concentration of fluorine radicals on micro-conic structures) leads to more
hydrophobic surfaces. This phenomenon, has been studied already [Xia, F., & Jiang, L.
20082;Stratakis, E. et al.,2012%%;,Zorba V. et al.,2008"]with the same efficiency.

5.4 The influence of chemistry on the wetting properties of silane micropatterned

surface.

Silanization is the covering of a surface with organofunctional alkoxysilane
molecules. Mineral components like glass and metal oxide surfaces can all be silanized,
because they contain hydroxyl groups which attack and displace the alkoxy groups on
the silane thus forming a covalent -Si-O-Si- bond. The goal of silanization is to form
bonds across the interface between mineral components and organic components
present in paints, adhesives, etc. Silanization (or siliconization) of glassware increases
its hydrophobicity and is used in cell culturing to reduce adherence of cells to flask
walls [Brian Seed, 199841,

The reason we choose this type of silane is its functional group, because sulfate
radicals (S°) creating strong links with gold (Au). This is something we want to achieve
in order to have successful binding of gold nanoparticles on the microstructured silicon

substrates.

Based on the above, we deposited MPTMS silane (more details in section 3.3) on
oxidized flat and micro-structured silicon substrates. Static contact angle measurements
(section 4.2.4) showed that the micro-structured surfaces became more hydrophobic
than they used to be before silanisation process. This phenomenon enhanced, as the

roughness of the substrates increased.
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5.5 The influence of a homogeneous gold nanoparticle layer on the wetting

properties of micropatterned silicon.

Inorganic colloidal nanoparticles are very small (usually applies to particles between
1 and 100 nm), nanoscale objects with inorganic cores that are dispersed in a solvent.
Prerequisite for every possible application of them, is the proper surface
functionalization of such nanoparticles, which determines their interaction with the
environment. These interactions ultimately affect the colloidal stability of the particles,
and may yield to a controlled assembly or to the delivery of nanoparticles to a target,

e.g. by appropriate functional molecules on the particle surface.

Colloidal nanoparticles are dispersed in a solvent that can be either water-based or
an organic solvent for hydrophilic or hydrophobic particles, respectively, while
amphiphilic nanoparticles can be dispersed in both kinds of solvents. Most commonly,
hydrophilic nanoparticles are stabilized by electrostatic repulsion by the equally

charged ligand molecules on the particle surface®.

In our case, all the types of AuNPs used, are dispersed in a water-based solvent.
More specifically, DMAP-AuNPs and RGD-AuNPs bearing a positively charged
amino end-group, which is exposed to the surface, CALNN-AuUNPs bearing the amino
acid of asparagine (N) which is an uncharged, but hydrophilic amino acid, which is
exposed to the surface %8, On the other hand Citrate-AuNPs bearing a negatively
charged carboxylate end-group (section 3.2).

Contact angle measurements (Table 4.9), showed an increase of hydrophilicity on
the micropatterned silicon surfaces after the deposition of the homogeneous gold
nanoparticles layers. This was evident for all the types of AuNPs nad was independent
of the roughness of the micropatterned substrates. More specifically, as the roughness
increased, C.A. decreased respectively. This makes sense if we consider that the surface
energy was stable and the interface soli-liquid reduced. Also , as the roughness of the
surfaces increased, the number of gold nanoparticles on the micro-cones tops reduced.
This affects the wetting of the surfaces, as the surface energy remains the same, while
changing the distribution of gold nanoparticles, by leaving exposed to the surface

greater silicon oxide area.
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5.6The influence of functionalized gold nanoparticles on NSCs growth.

One of the current challenges in the development of tissue engineered constructs is
the lack of a renewable cell source. Embryonic, induced pluripotent and adult stem cells
are promising cell sources in therapeutic and regenerative medicine. Due to their ability
to self-renew and differentiate into various cell types, these cells could potentially be
cultured and harvested for regeneration of damaged injured and aged tissue [Sorensen
20082, Zipori 20093].

In vivo, differentiation and self-renewal of stem cells is dominated by signals from
their surrounding microenvironment [Moore and Lemischka, 2006!4]. This
microenvironment or “niche” is composed of other cell types as well as numerous
chemical, mechanical and topographical cues at the micro- and nanoscale, which are
believed to serve as signaling mechanisms to control the cell behavior [Place et al.,
20091%°]. In tissue culture, stem cell differentiation has traditionally been controlled by
the addition of soluble factors to the growth media [Pittenger, M.F et al., 1999%16].
However, despite much research, most stem cell differentiation protocols yield
heterogeneous cell types [Ding, S. et al.,2004'" | Hwang, N.S et al., 20088].
Therefore, it is desirable to use more biomimetic in vitro culture conditions to regulate
stem cell differentiation and self-renewal. Surface properties (e.g., surface energy,
roughness, and chemical composition) of the tissue-engineered scaffolds are important
design parameters because they are closely related to various cellular activities, such as
cell adhesion, migration, growth, and differentiation [M. M. Stevens and J. H. George,
2005'°]. Microstructures also influence basic cellular processes such as adhesion14,20,
proliferation [Qi, Lin et al., 2013'%°] and differentiation [Dolatshahi-Piruuz et al.,
20114 (Figure 4.12, 4.13). a

Fig 4.13: (a) Picture of a polished Si wafer (i) and side SEM views of the

Figure 4.12: ‘Sensing’ substrate roughness: SEM image of as-prepared Si spikes surfaces structured at four different laser fluencies
differentiated PC12 cells after NGF treatment on laser- (i) 0.34 J/cm2(A1), (iii) 0.56 J/ cm2(A2), (iv) 0.90 J/cm?(A3), and (v) 1.69
patterned Si substrates. Inset is a higher magnification image 81 1/cm?(A4); (b) high magnification SEM images of the corresponding Si
focusing on sprouting filopodia (pseudocoloured) *. cones obtained; (c) photographs of water droplets on the patterned Si

surfaces; and (d) confocal laser microscopy pictures of fibroblast cells
cultured for three days on the respective surfaces 2°.



One of the current challenges in the development of tissue engineered constructs is
the lack of a renewable cell source. Embryonic, induced pluripotent and adult stem
cells are promising cell sources in therapeutic and regenerative medicine. Due to their
ability to self-renew and differentiate into various cell types, these cells could
potentially be cultured and harvested for regeneration of damaged injured and aged
tissue [Sorensen 200812 , Zipori 2009*3].

Peptides containing the cell recognition motif RGD. RGD peptides do not only
trigger cell adhesion effectively but can also be used to address selectively certain cell
lines and elicit specific cell responses. The RGD sequence is by far the most effective
and most often employed peptide sequence for stimulated cell adhesion on synthetic
surfaces. This is based upon its widespread distribution and use throughout the
organism, its ability to address more than one cell adhesion receptor, and its biological
impact on cell anchoring, behavior and survival. the RGD sequence is not the
“‘universal cell recognition motif”’, but it is nevertheless unique with respect to its
broad distribution and usage. The conformation of the RGD containing loop and its
flanking amino acids in the respective proteins are mainly responsible for their different
integrin affinity'?®. Figure 4.14 showed the best NSCs attachment on medium

roughness substrates with RGD-AuNPs deposited.

5.7 The influence of surphase roughness and AuNPs size on surface reflectivity

The optical properties of laser structured Si have been studied [Crouch, C. H. et
al.,2004%, Crouch, C. H. et al.,2004%?]. The optical properties and intense
electromagnetic fields generated by the nanoparticles make these particles very
attractive for sensing, diagnostics, and photothermal therapeutic applications in many

areas®.

For a complete characterization of the optical properties of a surface, we need to
measure the respective absorption, transmittance and reflectance. In our case, due to
technical problems, measured only the reflectivity of the micro-structured and micro /
nano-structured surfaces. The optical properties which we have observed so far, are

very interesting, and have enough later study.
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