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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 three parts. The first one is the fabrication of
micropatterned silicon substrates via ultra-short pulsed laser irradiation under
different experimental parameters, including laser fluence. The second part is the
fabrication of hierarchical micro-nano-patterned substrates. These comprise micro-
patterned silicon substrates which have been thermally oxidized and nano-decorated
with spherical and rod shaped 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. The third part is the fabrication of micropatterned steel substrates via ultra-
short pulsed laser irradiation under different experimental parameters, including
irradiation medium. Steel samples fabricated, for constant laser fluence, in air and

ammonia gaseous environments.

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. Optical
characterization showed that as the surface roughness appears, the absorbance
increased, across the range of wavelength (250-2000nm). 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. This leads to absorbance reduction in near IR range but very

high absorbance efficiency in UV/Vis range (~97%).

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-RGD



and organic moieties, including the DMAP) have been successfully attached on the
surfaces of the micropatterned silicon substrates. Rod shaped AuNPs do not carry any
ligands. 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. Optical characterization showed that gold nanoparticles caused increment

of absorbance of the oxidized micro-patterned silicon substrates in near IR range.

Finally, steel micro-patterned substrates have been characterized for their
morphological and wetting properties. Morphological characterization showed that in
presence of reactive gas (ammonia), during the irradiation procedure, steel
microcones were smaller and shorter than the air-structured ones. As for the wetting
characterization, in the case of air-structured surfaces there was non stable wetting
behavior, in contrast with the ammonia-structured steel surfaces which remained
hydrophilic for over 100 contact angle measurement days. Also, the ammonia-

structured surfaces appeared anti-corrosive behavior.



Hepiinyn
H Buopyntiky mpoceépel 1 dvuvatdtta TG TPOocopoimons Ploloyikdv
CLOTNUATOV GE TEYVNTEG emPAveles, pe emBuuntéc 11dtreg. ‘Exouv yiver moAlég

TPOCSTADEIEG Y10 TNV TEXVNTN KATOGKELT] OLTMV TOV ETPAVELDV.

H mapovoa dwatpin amotereiton and tpio puépn. To mpmdTo givor 1 KoTOGKELN
HIKPOSOUNUEVOY DTOGTPOUATOV TLPLTtiov péow axtvoPoincong pe Aéillep vmép-
OTEVOV TOAU®V, VIO OUPOPETIKEG TEPAUATIKEG TOPUUETPOVS, CUUTEPIAAUPAVOUEVIG
™G mTuKVOTNTOG evépyelag. To 0e0TeEpO HEPOG €IVOL 1 KATOGKELT] TMV 1EPAPYIKDV
LIKPO-VOVO- SOUNUEVOV VTTOGTPOUAT®V. AVTEC TEPIAAUPAVOVY UIKPO-OOUNUEVE KOt
0&EMUEVO VTOGTPOUOTO TUPLTIOV, TOV EIVOL VAVO-O10KOCUNUEVE, LE COUPTKE Kol
papdmtd vavocopatido ypucol dpopmv AEITOVPYIKGOV opddwv kot peyedmv. Ta
VOvVoo®UoTidla xpuoov £xovv cuvdebel péow g ymueiog otaviov. Kat ot dvo tomot
VTOGTPOUATOV EXOVV YopokTnpilovtal 6e GYEoN UE TN LOPPOAOYID TOVS KOl OTTIKEG
toug 1W10tteg. To tpito pépog lvar 1 KOTOGKELT HKPOSOUNUEV®Y VITOGTPMOUATOV
aTGoA00 pEc® axtivoBOANomMg pe Aep VTIEP-GTEVOV TOAUDV, VO SLUPOPETIKES
TEPOLLLOTIKES TOPAUETPOVG, coumepthapfavopévon TOV nepPEALOVTOC
axtivofoAnong. Ta deiypoto atcoiod KATOOKEVAGTNKAV HE OTOOEPT] TLKVOTNTO

evépyelag, o€ mePPAAlov axTivofOANONG aépa KOl QUUMVING.

Ocov agopd TIC HKPO-OOUNUEVES EMPAVEIES, O HOPPOAOYIKOS YOPOKTNPIOUOG
£0e1&e 0Tt kaBmg M TuKvOTTA eVvEpYELog Aélep avEdvel, avEavel Kot 1 TpoydTNTA TG
emeaveog. Ta pikpodounpéve VTOGTPAOUATO ELPAVICAV OOUEG IKPOKMVAOV TOIKIAOV
vyoug kot mokvottoc. [lo ovykekpiéva, n ToKVOTNTO KOL TO VYOG TMV HKPO-
dopmv (ONAadn TOV UIKPO-KOVMV) HEWOVOTOV Kol avEAVOTOV OVTIGTOL(0, UE TNV
avénon g mukvotnTog evépyelog Tov Aélep. O omTIKOG YOpaKTNPIGUOG €0€1EE OTL
KaOdG M empavelokn TpaydINTo gpeavifetal, N amoppdenon avédvetar, oe OA0 TO
€0pog tov pnkovg koparog (250-2000nm). To otpodpa o&ewdiov tov mvpitiov og
EMIMedEC EMPAVEIEG TVPITIOV 0OMYel o€ UEIWON TOL GLVIEAESTN AVAKANONG, OF
avtifeon pe TV MEPITTMOOT TOV PKPO-OOUNUEVOV VTTOCTPOUAT®V, OOV TO GTPMLLOL
o&ewdiov Tov muprtiov avENCE TV AVOKAACTIKOTNTO, GTO €YYDG VTEPVOPO PAGCLLOL.
Avtd odnyel oe peimon g amoppdPNoNS 6TO €YYVG LTEPLOPO PAGHA CAAL LYNMAN

ATOPPOPNTIKT AOS00T] GTO VIEPIDOES/0patd Pdoa (~97%).



Oocov apopd T1g tepapykd dopnpéva vrootpopata,n avdivon SEM emPefainoe
MV EmMTLYN €VOMOOES TOV VOVOCOUATIOIV YPLGOV OTIS MIKPO-OOUNUEVES
emoeaveleg  mopition. H  evamdbeon omédwoe o0 OMOIOYEVH]  KOTOVOUN
VOVOOOUOTIOOV e OPICUEVEG TEPLOYES WKPOV cvotddwv. OAot ot TOHmol TV
VOVOGOUOTIOI®MV  ¥PLUGOD TOV  OOKIUAGTNKOY, KOl TO ONOlol (QEPOVV  TOIKIAEC
Aertovpykdtteg (m.y. oMyomentidwn, cvpmeptrappavopévov tov CALNN-RGD kot
0pPYAVIKEG EVAGELS, cvpumeptiappavopévor tov DMAP) éxovv emtuymg cvvdebet emi
TOV UIKPOSOUNUEVOV ETLPAVEIDOV TOV VTOSTPOUAT®V Tupttiov. Eivar a&loonpeimto
OTL TO. VOVOO®UATIOW ¥puooly UTOpECHY va. KOAOWOLV OAN TNV EMQAVEIL TOV
TPLCOICTATOV HKPOSOUNUEVOV VTOCTPOUATOV OivOovTag o KOTOVOUN 1 omoid
Ntav ovykpicyun pe ekeivp yuoo to eminedo vmootpopate mopttiov.. O ontikdg
YOPOKTNPIGUOC £S€1EE OTL TAL VOVOSOUOTION XPLGOL £Y0VV TNV TAGM VO LEAVOLY TNV
amoppOPNOT TOL OEEWMUEVOL HKPO-OO0UNUEVOD VITOGTPMOUATOS TUPLTIOL GTO £YYVG

vEPLOPO Pdcpa.

Téhog, TO UIKPOSOUNUEVE VITOGTPAOUATO OTCUAOD YOPAKTNPIoCTNKAY YO TIG
Hop@oAoyIKES Kot dtaffpoytkes Toug WtotnTeg. O HOpPOLOYIKOS YopoaKTNPIoUOS €dE1EE
Ot Tapovsia dpacTikoL agpiov Katd TV axpivofoinom (appmvia), ot HKPO-KOVOL
elval PKpOTEPOL KO YOUNAOTEPOL, GUYKPUTNKA LLE OVTOVG TTOV TTOPUCKEVAGTNKOY GE
nepPdrrov aépa. Oco yia Tov Sofpoykd YOPOKTNPIGHO, Ol EMPAVEIES TOV
nopackevdotnkay o€ mePPAAAOV aépa dev mapovosiacav otabepr OaPpoyikn
CLUTEPLPOPE, o€ avTiBeon HE TIS EMPAVELS OTGOAIOD TOL TOPUCKEVACTNKAY GE
nepPdArov appwmviag ot omoieg mapéuevay vOPOPILES Yo mhve amd 100 uépeg
petpnoemv yoviag enagnc. Emiong, ol emeaveleg atcoilon Tov TopacKEVAGTNKAV GE

TEPPAALOV QUU®VIOG ELPAVIGOV OVTIOEELMTIKT) CUUTEPLPOPE.
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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
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hierarchical. Nature develops biological objects by means of growth or biologically
controlled self-assembly adapting to the environmental condition. Such adaptive and
responsive self-assembly is provided by means of a hierarchical self-organization and
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.

Sed

(a) Self-Cleaning (b) Mechanical Properties

e

(c) Structure Color (d) Optical Properties

== 0,06,
o

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™.
14



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., 20037 , 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 mm? mass of n-hexatriacontane [Bhushan, B. et al., 2009°] .

15



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., 1998™°], 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" 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) and commercially polished steel alloy
(40CrMnMoS8-6) surfaces, in the presence of reactive gases. Changing the
experimental parameters (such as laser energy, number of pulses, irradiation
environment, etc.), (sections 3.1 & 3.4), the final morphology of the surface consists
of 3D arrays semi-periodical microconical structures (spikes). At high laser fluence
microconical 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 10 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., 2006'"]. Microfluidic devices were developed through the study

of controlled manipulation of liquids. The most common approach for liquid actuation
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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
chemicals / materials onto structured surfaces, the resulting surfaces can exhibit both
stable morphology, and surfaces wettability changing. 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.,2008%]. According
to this model, we can study the wetting properties of surfaces, via static contact angle
measurements (section 4.2.2), and associate them for their potential use in
microfluidics applications. Figure 1.3 shows the Lotus leaf (a), a magnification of a
water drop on the Lotus leaf (b), SEM images of the surface of the Lotus leaf, which
comprises randomly distributed bell-shaped papillae papillae with sizes 5-10mm (c)
decorated with branch like protrusions with sizes of about 150 nm (d) .

a) b)

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 10pm). d) High magnification SEM image of a single papillae
depicting branch like protrusions with sizes of about 150nm (scale bar 1pm) 3.

The present thesis studies the wetting properties of artificial hierarchical steel

surfaces, with specific micro/nano topography (spikes) fabricated via ultra- short fs
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laser under reactive gas pressure, by altering surface chemistry with different
irradiation environment each time, based on the lotus effect. The ultimate goal is to
fabricate hydrophilic and anti-corrosive steel surfaces, with stable behavior for a
long time, which has already tried to be succeed [Trdan, U. et al.,2017%°, Rajab, F. H.
et al.,2018%] for anti-corrosion and fluid transport applications. To date, there is no
reported work on generating a stable superhydrophilic anti-corrosive metallic surface

using a simple, environmentally clean and one step process.

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%*]. 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.
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Figure 1.4

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: (a) 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 ().

Morpho-butterfly structures. (right): (d) Top view optical microscope image, () Cross-sectional view

SEM image, (f) SIM images of Morpho-butterfly-scale quasi-structure fabricated by FIB-CDVZ.

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

2529 In our case, the

has been performed by various methods and materials [
fabrication of hierarchical surfaces, regards to silicon (Si) surfaces which are
irradiated with ultra — short fs laser , in the presence of reactive gas. The optical
properties of laser structured Si have been studied [Crouch, C. H. et al., 2004,
Crouch, C. H. et al.,2004*]. 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 functionality (e.g. oxide layers) on the
optical response of the fabricated structures, compared with flat silicon, as well as

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

1.2 Laser - Solid interactions

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.,198434].
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.,1997%], semiconductors [Jost, D. et al.,1986%] and dielectrics [Henyk, M et
al., 1999%"]. Laser light and 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
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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., 1983%] on the surfaces of materials upon laser
irradiation in reactive gas ambient. Also, a brief review of structure formation
mechanisms on metal surfaces (steel) is mentioned (section 1.2.6). But before dealing
with the creation of periodic micro-structures, the basic properties of silicon (Si) and

steel 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 (SiO;) 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*']. 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,
accelerometers, gyroscopes, flow detectors, micromirrors, and cantilever sensors [J.
Voldman et al., 1999* P. Sievila, 2013**]. Furthermore silicon is widely for materials
microfabrication and silicon-based microfabricated substrates with well-defined
topographies have been extensively developed for a variety of applications [**#*3 T.
Pearce and J. Williams, 2007*, Stratakis E. 2012*].

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.
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(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, 1974*]

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.

AL Figure 1.6: Unit cell of the silicon crystal (diamond lattice), is actually two
S Wd - interpenetrating face-centered cubic (fcc) lattices separated by a/4 along
¢ 7 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
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)

Ny

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

(100), (110) and (111) 21



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

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 a crystal, 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
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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 E4. This is the energy difference
between the maximum valence band energy Ey and the minimum conduction band
energy Ec, as shown in Figure 1.9. The concept of Eg , is very important for the laser-

solid interactions (section 1.2.3).

. ' Empty upper bands
E Lowest (nearly) empty band ST I
2p (conduction band) d
Highest (nearly) filled band Band gap
2% (valence band) E,
Filled lower bands
. Ey
’ Valence band
(a) (b)
Figure 1.8 Figure 1.9

The energy band diagram of a

The discrete energy states of a Si atom (a) are replaced )
semiconductor

by the energy bands in a Si crystal (b).

e Silicon oxide layer (SiO,)

Semiconding 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/ SiO-
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 SiO,: 3.9 (whereas SisN, : 7; Si: 11.9)

Stable and reproducible SiO, interface

Conformal oxide growth on exposed Si surface

S e

SiO; good diffusion mask for common dopants: B, P, As, Sb
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7. Very good etching selectivity between Si and SiO;
8. SiO, has a high-temperature stability (up to 1600°C)

According to these properties of SiO, and Si/SiO; interface, the silicon oxide layer
(SiOy) 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. etal., 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:
Si (solid) + O, (gas) — SiO- (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) + 2H,0 (gas) — SiO; (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
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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 : . z

SILICON SUBSTRATE

Figure 1.10 : Schematic of the thermal oxide (SiO,) formation [S. M. Sze, 2002°%]

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. Itis 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
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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 SiO, 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—O-Si bridges, which means two Si-O bonds and Si atoms will
contribute to Si-Si and Si—O-Si bonds.
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Figure 1.11 : (a)Structural unit of SiO, , (b)Regular silica structure: Si-O bond length (d), tetrahedral
angle (o), the Si-O-Si bridge bond angle (), bond torsion angles (81, 62), [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 SiO, (Figure 1.11(d)), some non-bridging oxygen atoms can also exist.
These phases are often named, fused silica. Crystalline forms of SiO,, such as quartz
contain only binding oxygen bonds. The various crystalline and amorphous forms of
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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.
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. Si atoms 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).
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2. The oxygen species (O) are expected to break preferentially the Sipyx =Si-(H)2
backbonds rather than the Si-H bonds on the surface at the initial stage. (Sipuik -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.

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).

H M H_ H H_ H H_ H H_ H
Si . 0.0H = Si - Si -+ 5 - g
s’ s < o 0" o, o o o e,
S \_5 - S S . Si"f Si 5|\ ) .5 S.\D 5 Si
Si \Sif
(a) (b) () (d) (e)

Figure 1.12 : A model of native oxide growth in air *°

1.2.2 Steel

Metallic materials, such as steels, are normally combinations of metallic elements.
They have large numbers of nonlocalized electrons; that is, these electrons are not
bound to particular atoms. Many properties of metals are directly attributable to these
electrons. Metals are extremely good conductors of electricity and heat and are not
transparent to visible light; a polished metal surface has a lustrous appearance.
Furthermore, metals are quite strong, yet deformable, which accounts for their

extensive use in structural applications [William D. Callister, 2001°].

Steels are iron—carbon alloys that may contain appreciable concentrations of other

alloying elements; there are thousands of alloys that have different compositions
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and/or heat treatments. The mechanical properties are sensitive to the content of
carbon, which is normally less than 1.0 wt%. Some of the more common steels are
classified according to carbon concentration, namely, into low-, medium-, and high-
carbon types. Subclasses also exist within each group according to the concentration
of other alloying elements. Plain carbon steels contain only residual concentrations of
impurities other than carbon and a little manganese. For alloy steels, more alloying
elements are intentionally added in specific concentrations. A taxonomic
classification scheme for the various ferrous alloys is presented in Figure 1.13.

Mztal alloys

Farraus Monfarraus

Steels Cast irons

Lowr alloy Gray Ductile White Mallzable
iran (nedular) iron iran ron

High alloy

Low-carban Medium-carbon High-carban

1]

Plain High strength, Plain Heat Flzin Toal Stainless
ow alloy treatable

Figure 1.13: Classification scheme for the various ferrous alloys *®

The kind of steel that we focused on, is the tool steels. The tool and die steels are
high-carbon alloys, usually containing chromium, vanadium, tungsten, and
molybdenum. These alloying elements combine with carbon to form very hard and
wear-resistant carbide compounds. The primary properties of tool steels are
toughness, wear resistance, hardness and heat resistance. These steels are utilized as
cutting tools and dies for forming and shaping materials, as well as in knives, razors,
hacksaw blades, springs, and high-strength wire®®. Durability and corrosion resistance

are of prime importance when a metal will be exposed to weather.
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e Energy bands of metals

Every solid has its own characteristic energy band structure. In order for a material
to be conductive, such as metals, both free electrons and empty states must be
available. Metals have free electrons and partially filled valence bands, therefore they
are highly conductive. In conductors, the valence band is either not fully occupied
with electrons, or the filled valence band overlaps with the empty conduction band. In
general, both states occur at the same time, the electrons can therefore move inside the
partially filled valence band or inside the two overlapping bands. Energy band is a
range of allowed electron energies. The energy band in a metal is only partially filled
with electrons. Metals have overlapping valence and conduction bands. This means
that Eq is equal to zero. Energy provided by an electric field is sufficient to
excite many electrons into conducting states. Also in metals, valence electrons form
an “electron gas” that are not bound to any particular ion. By alloying procedures

conductivity decreases.

>

Conduction Band

A overlap of bands

Valence Band

Band Energy

Energy bands in Conductors

Figure 1.14: lllustration of energy bands in conductors

e Corrosion of steel

Any material made with iron that is exposed to both oxygen and water will rust.
Because steel is made almost entirely of iron, it is the most highly manufactured man
made material that is subject to rust. After the element Helium, elements like having 8
electrons in their outer shell, and will borrow electrons from other elements to achieve
that level. Water, for example is made of an oxygen atom with six outer electrons and

two hydrogen atoms that have one electron each. Through the borrowing and sharing
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of electrons in a reduction reaction, FeO(OH) (the most common form of rust) is

created.

When any type of steel rusts, including steel, it undergoes a chemical reaction
called corrosion. During that process of being exposed to air and water while being
left outside or in the elements for an extended period of time, a variety of different
types of rusts can form, but the most common form is Fe;O3. Rust only forms on the

outside of a metal surface because it requires exposure of oxygen and water to rust.
Does steel rust in saltwater?

Steel rusts faster in saltwater than it does in freshwater. The presence of salt acts as
a catalyst, accelerating the corrosion chemical reaction process. Salt is an electrolyte,
and it contributes ions into water. Steel will rust immediately when being exposed to
moisture and air. How quickly steel rusts typically depends on how much steel is
exposed to moisture and air, the levels of both moisture and air, and whether or not

any protective coatings are present (e.g. chromium oxide).

Coating steel with a thin layer of chromium oxide, is one of the most widely
manufactured corrosion resistant procedures in the world. The chromium acts mostly
to prevent the oxidation process of corrosion from occurring, as it acts as a barrier of
oxygen from reaching the iron of the steel. Chromium also gives the steel a clean and
polished appearance that makes it practical for a wide range of applications, but it is
not an environmentally clean procedure. Also, passivation of steel surface (e.g. nitric

layer) is a promising way to avoid the surface corrosion.

Commercially polished steel alloy samples 40CrMnMoS8-6 (1.2312), supplied by
ML Engraving, were used throughout the study. The measured chemical composition
of the material consisted of (0.35-0.48) wt.% C, (0.30-0.50) wt.% Si, (1.40-1.60) wt
% Mn, (0.03) wt % P, (0.05-0.10) wt % S, (1.80-2.00) wt % Cr and (0.15-0.25) wt %
Mo. Sulphur (S) additive promote high dimensional stability.

1.2.3 Fundamental processes of laser — matter interaction

The interpretation of the basic interaction mechanisms between the intense light of

a laser beam and matter, is an aspect of increasing interest®®. Controlling the light-
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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.

1.2.3.1 Primary processes — Absorption mechanisms

Surface modification of materials by means of pulsed laser light requires the
deposition of a certain amount of energy absorbed by the material. Different kinds of
surface modification can be attained, depending on the laser parameters including
energy, temporal and spatial distribution of the beam, and pulse repetition rate.
Primary absorption processes involving interband transitions of electrons are: (a)
single photon absorption, (b) multiphoton absorption, (c) interband transitions by
free-carrier excitation and (d) impact ionization. Detailed information on these
processes can be found elsewhere [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, 1999°].

So, 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 (Egsi :1 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®®.

1.2.3.2 Secondary processes — Energy relaxation

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 1.15 summarizes the most important processes involved

after the absorption of the laser energy, its redistribution and transport through the
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target and the resulting structural and thermal effects, together with their typical

timescales.
Carrier Photon absorption
Excitation Impact ionization

3 ; Carrier - Carrier scattering
Thermalization

Carrier - phonon scattering

Carrier - 1 .
Removal Radiative recombination --lJ

Thermal and Ablation and evaporation

structural Thermal diffusion -[

effects -'

10"’]10'a

Resolidification

Timescales (s) 10‘*‘ 10"‘5‘ 10™

10”[10”

10" 10™

107 ’ 10°

Non - thermal | Thermal

“+

Figure 1.15: Processes (and associated timescales) taking place in the target following the absorption of
the laser pulse®

The governing processes are the following:

(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 — 10 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 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.
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(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.

The distinct line at about 102 - 10 sec distinguishes the regimes between
nonthermal and thermal processes. Mechanisms leading to structural modifications
using picosecond (10™2 sec) and longer laser pulses are predominantly thermal. By
contrast, exposure to ultrashort (femtosecond 10™*° sec) pulses leads to a different type
of modification.

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) (Figure 1.16) [Lucas, L. and J. Zhang , 2012°].

y
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Figure 1.16: Illustration of HAZ on a metal target

As illustrated in Figure 1.15, for pulse durations that are significantly less than
electron-to-lattice (ions) non-thermal pathways may be accessed that take place on a
timescale shorter than a picosecond, hence before thermal processes are initiated. 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
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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 takes 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 (section 1.2.4.1). As
shown in Figure 1.17, 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 1.17: Long-pulse (left) and ultrafast-pulse (right) 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%7].
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1.2.4 Laser induced periodic surface structures (LIPSS)

Researchers that study the laser-matter interaction are familiar with almost a
universal phenomenon occurring close to the damage threshold of a material. This is
the so called “Laser induced periodic surface structures” (LIPSS) or “ripples” and
their formation by a single laser beam can appear on any material absorbing radiation,
regardless of its dielectric constant®. 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.

Birnbaum [M. Birnbaum,1965%] was the first to observe the formation of LIPSS
after irradiation of semiconductor surfaces with a CW Ruby laser. He explained this
ripple formation as the result of light diffraction effects at the focal region. These
patters exhibit a grating-like morphology with a periodicity close to the laser
wavelength and have been observed at the surface of many materials including
semiconductors [D. C. Emmony et. al.,1973% H. J. Leamy et. al.,1978%, P. M.
Fauchet et al.,1981°], metals [T. E. Zavecz and M. A. Saifi,1975%", J. C. Koo and R.
E. Slusher,1976%, N. R. Isenor,1977%, A. K. Jain et. al.,1981"] and dielectrics [P.
A.Temple and M. J. Soileau,19817"] . For a normal incident laser beam ripples are

formed perpendicular to the electric field polarization.

Light waves are recognized as electromagnetic transverse waves, i.e., with transverse
oscillations of the electric and magnetic field. The direction of polarization is taken to

be the direction of the electric field oscillations (i.e., not the magnetic ones).

For circular polarized light, no ripples are observed. Additionally, the number of
laser shots is inversely proportional to periodicity [M. Huang et al.,20097%, A. Latif et
al.,2009™]. Ripples can be produced by a single or many laser shots and are
independent of the irradiation atmosphere and of the crystallographic direction of the

surface.
e Low-Spatial Frequency-Ripples (LSFR)

In 1973% researchers suggested that the interference between the incident and a
scattered surface wave, may explain the formation of the observed ripples. Ripple
formation leads to low spatial frequency ripples (LSFR) perpendicular (or parallel to

the laser polarization, depending on the material [Mezera and Romer,2019%) to the
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laser beam polarization, where the periodicity (spatial interval between the repeating
structures (A)) is near to the laser wavelength (L) (A~)L). The ripple periodicity A, due
to the proposed mechanism was calculated to be equal to

A

A= 1+ sinf (eq.- 1)

where A is the laser wavelength, 6 is the angle of the incidence laser beam and the +
accounts for the scattered wave co-propagating and counter-propagating to the surface
projection of the incident wave. For normal incidence, Eq.1 gives A ~ A, therefore
such ripples are called ‘’Low-Spatial-Frequency-Ripples (LSFR)”. LSFRs (coherent
structures) are directly related to the coherence, the wavelength and the polarization of
the laser light [D. Béuerle,2000"].

e High-Spatial Frequency-Ripples (HSFR)

Despite the successful interpretation of LSFR formation, a large number of
experimental observations showed that ripple periodicity can be much smaller that the
laser wavelength (A << A); in this case we have “High-Spatial-Frequency-Ripples
(HSFR)”, which formation could not be explained by the previous mentioned
mechanism, as described in Eg.1. A widely accepted mechanism that accounts for
HSFR (coherent structures) formation is based on the laser induced excitation of
surface plasmon waves [S. Sakabe et al., 2009'°]. In this case, the A depends only on
the frequency (electron density) of the surface plasmon wave (section 1.2.4.1).
Directionality of HSFRs can be parallel or perpendicular to the laser beam
polarization depending on the material [Sabri Alamri et al., 2019%°].

Apart from the ripples can be also formed other structures on a material surface,
like microgrooves and spikes. The formation of microgrooves leads to structures with
periodicity larger than the laser wavelength (A>4) [Tsibidis George D. et al., 2015™].
In case of micro-conical formation (MCs) or 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 (A>>) [Tsibidis
George D. et al., 2016™]. Spikes are non-coherent structures that are not directly
related to any spatial periodicity of the energy input caused by interference
phenomena; their period is related to the laser-beam intensity and the ambient gas
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pressure, when such is used’, rather than the laser wavelength and polarization. They
appear at higher intensities as compared to coherent structures [S. Clark and D.C.
Emmony,1989'"]. Figure 1.18 shows the morphological changes induced on a Si

surface following fs pulse laser irradiation.

Figure 1.18: 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”.

1.2.4.1 Surface plasmon waves

In 1907 Zenneck’ proposed that electromagnetic waves in the radiofrequency
regime can ride along the planar interface between air and either ground or water.
This idea was later reintroduced in 1957 by R. H. Ritchie® to the visible portion of
the electromagnetic spectrum at the interface of a metal and a dielectric, leading to the

concept of surface-plasmon-polaritons S-PP.

Surface plasmons (S-P), are coherent electron oscillations that exist at the interface
between any two materials (Figure 1.19) (e.g. a metal-dielectric interface, such as a

metal sheet in air). S-Ps have lower energy than bulk (or volume) plasmons.
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Figure 1.19: Schematic representation of an interference of the incident beam (red line) with the surface
plasmon wave (black line) for a metal - dielectric interface. The charge density oscillations and associated
electromagnetic fields are called surface plasmon-polariton waves.

When S-Ps couple with a photon, the resulting excitation is called surface plasmon
polariton (S-PP). This S-PP can propagate along the surface of a metal until energy is
lost either via absorption in the metal or radiation into free-space. S-Ps can be excited
by both electrons and photons. Due to the laser-induced excitation of a large number
of electrons in the conduction band, semiconducting surfaces irradiated by ultrashort
pulsed laser, at fluences close to the damage threshold, also exhibit metallic
behaviour. Therefore S-PPs can potentially be excited along a semiconductor -
dielectric interface as well.

The mechanism for the formation of periodic structures, due to the S-P waves
excitation, propose that the interference of the incident laser beam with the
propagating plasmon wave gives rise to the generation of local, periodically charged
areas onto the material surface. Areas that become positively charged are exploded
towards free space by the Coulomb repulsive force (Coulomb explosion);
consequently, a thin layer located at such areas is ablated and a periodic pattern is
imprinted. According to the above mechanism, the periodicity of the surface patterns
depends only on the frequency (electron density) of the surface plasmon wave’®, as

we already mentioned.

Figure 1.19 illustrates the above mechanism. During material heating and melting

process, the interference of the incident beam with the surface plasmon wave gives
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rise to periodic fringes (black colour) which are subsequently “printed” on the
material after resolidification. Therefore, the structures formed exhibit the periodicity

of the interference pattern.

1.2.5 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 Si 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.,
1999%, S. Dolgaev et al., 2001%7].

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 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 1.2.3.2.
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The role of reactive gas

The first 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 (SFg)
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., 1998%].
Pure sulfur hexafluoride (SFg) plasmas produce large quantities of atomic fluorine (F)
that is used to quickly etch silicon. When SFg plasma is used to etch silicon, it
typically results in etch profiles that are isotropic in nature [Bates Robert L. et al.,
2014%.

At room temperature SFg 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. SFg can be physisorbed at 90K or for P > 1Torr at
room temperature’®. The dissociation of SFg 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 SFs. The three-
dimensional model developed includes diffusion and convection of molecular
fragments in a duct geometry [Lii, Y.~J. et al., 1990%¢]. Gaseous or physisorbed SFg
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., 2000%’]. The chemical

reactions describing the chemisorbtion processes are shown below™:
Vibrationally excited SF¢" 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 SiF, like state:
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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 SiF, that desorbs from the surface:
SiF,(ads) — SiF,(gas)

As a result, the formation of the nano-roughness on the MCs structures becomes
more apparent with increasing the pressure of SFg gas.

1.2.6 Surface structuring of steel via ultrashort — pulsed laser processing

Texturing surfaces to create micro/nano scale surface structures has tremendous
technological importance®®*®. The enhancements in surface area, resulting from
formation of various types of micro/nano structures have important applications in
altering the surface wetting properties to make them superhydrophobic for self-
cleaning applications [***, Kietzig A et al.,2009%°]. Texturing of metal surfaces has
been carried out using various techniques such as grit-blasting [Wennerberg A et
al., 19961, chemical etching [Bathomarco R et al.,2004%], electrochemical treatment
[Madore C et al.,1999%], and laser treatment [*°, Sano T. et al.,2005%], etc. Studies
have shown that laser processing have advantage over other techniques in terms of
more reproducibility and less contamination [Gaggl A. et al.,2000%] due to its non-
contact process. Surface texturing in metals has been reported using nanosecond
Nd:YAG and excimer lasers [Bereznai M. et al.,2003%], picosecond Nd:YAG and
sub-picosecond excimer lasers®. However, the structures formed by these lasers do
not exhibit well-defined features. Recently, femtosecond lasers have become an
advanced tool for material processing and have advantages over nanosecond lasers in
terms of high precision, reduced heat-affected zone, and minimum burr formation
[Chichkov B. et al.,1996°’]. More recently, researchers have demonstrated that
femtosecond laser pulses could be used to produce self-organized regular arrays of
nano-textured conical microstructures in inorganic materials, e.g. steel [Hermens, U.
etal.,2017%, S. V. Kirner et al.,2017%.
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It is known that metals exhibit high reflectivities, low penetration depths and are
excellent electrical conductors. The electromagnetic waves may be seriously affected
by the abundance of free electrons. In particular, when ultrafast laser metal interaction
is considered, other parameters such as polarization, laser intensity, sample surface
roughness, phase transition and oxide films also affect the reflectivity [Schmidt V. et
al.,2000'%].

In case of metals, researchers have shown that the surface ripple periodicity is
smaller compared to the incident radiation wavelength and that the formation of
conical microstructure formation occurs with successive impingement of laser shots

on target surface [Barada K. Nayak and Mool C. Gupta,2010'%

]. Furthermore ripples
and grooves both show a clear correlation with the laser beam polarization (grooves:
parallel to polarization, ripples: perpendicular to polarization), the spikes morphology
is less dependent on that. The spikes exhibit a clear dependence with the laser
intensity (local laser fluence)®, like in the Si case (Fig. 1.18). Also, the spikes formed
by fs pulsed laser irradiation, represent a multi-scale structure, where the micrometre-

sized spike-like features are additionally covered by a nanoscale roughness®.

By irradiating steel surfaces with fs laser pulses above the ablation threshold in the
presence of a variety of background mediums, functionalized quasi-periodic sharp
conical micrometer-sized spikes are formed. The selection of the surrounding medium
affects both the attained surface features and chemistry is chosen depending on the
application [P. Pou et al.,2018'%]. In the special case of wetting properties, surface
pattern inspiration has often been drawn from natural archetypes which are mimicked
with the use of ultrashort laser pulses®™®. Although many works have been reported
where the wettability of steel samples has been modified with the application of laser
pulses, the acquired wetting properties are unstable and evolve spontaneously

following irradiation®.

The second objective of the present thesis was the fabrication of hierarchical steel
structures, inspired by the bark bug [*, T. van der Heyden and J.M. Diaz,2016103],
with stable hydrophilic and anti-corrosive behaviors. One way to achieve these
formations 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 steel
surfaces by ultrafast fs lasers under reactive gas (NH3) atmosphere chosen as a
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method of surface micro-structuring because it produces functionalized surfaces
through a simple one-step process. Pure ammonia (NH3) plasmas produce large
quantities of amides (NH,) and imidogen radicals (NH) that is used to quickly etch
steel. The chemical reactions describing the chemisorbtion processes are similar to the
SFe on Si (section 1.2.5). The interplay between increased roughness and polar
surface chemistry enhances the hydrophilicity of the attained surfaces that in contrary
to the samples processed in ambient air, remain highly hydrophilic after irradiation.
Furthermore the presence of ammonia has also be found to inhibit surface oxidation

during a systematic corrosion test study.

The combination of these two functionalities, hydrophilicity and corrosion
resistance which are induced in a single-step fabrication procedure on steel targets,
could find applications in metallic cooling systems and heat transfer or dissipation

devices.

1.3 Gold nanoparticles

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 10-9 or 0.000000001 meter [Thakkar et al.
2010%]. 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., 2009*%®]. These
particles are also malleable in a molecular sense: groups of functional molecules

(ligands) can be attached easily as shown in Figure 1.20.
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Figure 1.20 : 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'%].

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.
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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.'!
Muhlpfordt,™*? and (3) Brust-Schiffrin method of Brust et al.,'*. The first two

methods yield particles which are stable against coagulation, whereas the last one

(2) citrate-tannic acid method of

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 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 1.21(A)). Place ligand exchange allows
the secondary tethering of organic molecules or biomolecules to the surface of AUNPs
(Figure 1.21(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., 2004*4)).
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Although there are several synthesizing methods for AuNPs, such as
electrochemical method [Reetz and Helbig 1994° Reetz et al., 1995™°], seeding
growth method [Jana et al., 2001*"], biological method [Das et al., 20118, Smitha et
al., 2009'*°], sonochemical method [ltoh et al., 2004'%], electron beam lithography
[Eustis Susie, and Mostafa El-Sayed, 2006'%].
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Figure 1.21: Two-phase synthesis of AuUNPs by reduction of HAUCIl,  g™w» s @ o
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strategies of AuNPs through covalent and non-covalent conjugation A
(B) [Yeh et al., 2012"4]. oY O

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**]. Prerequisite for every
possible application, of colloidal AuNPs (range 1 nm to 1 um), 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’®. Their
synthesis technique, makes them extremely stable for both shape and size. Also the
functionalization of colloidal AuUNPs can be done via bioconjugation with antibodies,
proteins or oligonucleotides'?®. This is a very promising technique for scaffold
fabrication for drug and gene delivery [Majidi et al., 2016%]. In response to the

properties of functionalized gold nanoparticles, we chose to work with colloidal
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AuNPs, which have on their surfaces functional groups such as amino acids, or

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*%]. 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
1.21, 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*®*. These changes are
due to the free d electrons of gold, which can oscillate in the conduction band. Figure
1.22 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).
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Figure 1.21: Gold nanoparticles — absorption of various sizes and shapes*?.

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
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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 coefficient of the absorption (higher nonlinear properties around the top
SPR ~ 520nm) [Pong et al., 2007*?%]. 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 infrared (NIR) region as shown for various aspect ratios in Figure
1.21.
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Figure 1.22: 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 aspect ratio varies from 1.5. to 202,

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™. In the
present thesis, we have focused on the size and shape of AuNPs and the effect they
have on the optical properties of microstructured Si surfaces. 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*?..
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Finally, NPs are well known to increase the efficiency of photovoltaic devices by
reducing reflection and increasing light trapping within device. However, metal NPs
on top flat surface suffer from high reflectivity losses due to the backscattering of the
NPs itself. Light absorption due to NPs itself is relatively small and the amount of
absorbed light reduces when the size of the metal NPs becomes larger. AuNPs have
been widely used to enhance photocurrent of various photovoltaic devices (PVSs)
[Chee Leong Tan et. al.,2012'%]. In present thesis we demonstrate a novel structure,
which consists of metal AuNPs on hierarchical Si oxidized MCs, that exhibits
ultrahigh absorbance in the UV/Vis range and ultralow absorbance in the near IR
range (section 4.1.2.3). For metal NPs deposited on transparent media (e.g. glass),
other phenomena, like grating coupling, takes place [Cesario J. et. al.,2005"%°]. These

129 A, Ranjgar et al.,2013'**], metamaterials

patterns could open a way to new PVs [
[Mehdi Keshavarz Hedayati et. al.,2014**], sensors [C.A. Grimes et. al.,2006™*?] and

photonic devices [H. B. Lia0,2003'*, Dongdong Lin et. al.,2017**].
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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
biomimetic research is the construction of surfaces with optimized properties. The
most famous, and studied, biological model 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 (i.e. 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 optical
surfaces*®. Thus, we wanted to see how these properties of the micropattenred
substrates are influenced by the incorportation of dielectric (e.g. SiO,) and metal (e.g.
AUNPs) coatings. In other words, the first aim of the present thesis was to study what
are the respective optical properties of the hierarchical nano-micro-patterned Si
substrates.

The second aim of this thesis was to fabricate steel microstructured surfaces with
remarkable wetting properties®®*1%. The differences between the ultra-short laser
procedures of Si and steel surfaces, is the gaseous medium and laser intensity during
the irradiation procedure. For steel samples NH3 reactive gas was used and for Si
samples was used the SFs reactive gas. By the choice of irradiation medium, we
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achieved stable hydrophilic and anti-corrosive behaviors of the microstructured steel

surfaces.

2.2 Flow sheet

(A) Single crystalline Si

UWtra-short laser irradiation

Micropatterned Si substrates

Surface modification

i. Thermal oxidation

1. Silanization

ii. AuNPs deposition

(B) Polished steel

Utra-short laser irvadiation

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

2. Optical properties (U'V-vis spectrophotometer)

Micropatterned steel sustrates

Characterization
1. Surface morphology (SEM, EDS)

2. Wetting properties (Water static contact angle)

Corossion test
[mmersion in aqueous salt diition under heat

Characterization
1. Surface morphology (SEM, EDS, Confocal
microscope)

2. Wetting properties (Water static contact angle)

Figure 2.1: Illustrates the flow sheet of the (A) Si and (B) steel experimental designs of the present

thesis.
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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 (i.e. linear).

3.1.2 Experimental procedure

The micro-conical spike formation process was applied on single crystal n-type

Silicon (1 0 0) wafers, with fs laser irradiation in SFs gaseous atmosphere.

Si wafers micro-structuring took place in a vacuum chamber evacuated down to a
residual pressure of ~10 mbar by means of a vacuum pump. A micro valve system
attached to the chamber enabled a precise backfilling of an ambient gas (SFg). The
pressure of the backfilling gas was measured with a needle gauge at 500 Torr. The
laser fluence was regulated by using a neutral density filter. The laser beam was first
focused by lens with focal plane at 20cm and then 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 pm allowing sample displacement with
regard to the laser beam up to 10000 um (Figure 3.1). Scan velocity was stable at

500um/sec and line separation at 20um. The laser fluence used in these experiments
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was in the range 0.17-0.78 J/cm?, in constant wavelength to 1026nm, repetition rate
1kHz and pulse duration 170fs.

m: IkHz
A: 1026nm
T 170fs

Reactive gas XY stages

Figure 3.1: Schematic of the experimental ultra-short laser setup

3.1.3 Sample preparation

Single crystal n-type Silicon (1 0 0) wafers, of thickness 300-750 +/- 25 um
thickness, were 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 water bath for two

minutes. 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 were subjected to dry thermal oxidation in a
ceramic tube furnance at 1000°C for five different time scales (15, 90, 180, 300 and
540 minutes), with ramp rate 20°C/minute (Figure 3.2). The substrates were further
processed to characterization (e.g. SEM and ellipsometry). Finally, Si samples that

oxidized for 90 min decorated with gold nanoparticles.
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Figure 3.2: Schematic cross section of resistance-heated oxidation furnace [E.H. Nicollins and J.R.
Brews,1952"%].

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.
Also, non-colloidal rod-shaped AuNPs with aspect ratio 3:1, were used. The colloidal
AuUNPs carried the following functionalities: i) the oligopeptide CALNN-RGD, and
small organic moieties, like the 4-dimethylaminopyridine (DMAP) (Figure 3.3A, B).

All three 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 pure ethanol. Figure 3.3 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 3.3: Chemical structures of functional groups of the colloidal AuNPs. Resonance of the DMAP
molecule (A) and schematic representation of a DMAP-Au NPs (B) [Biver, T et al., 2012"%],
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pentapeptide CALNN structure (C) [Lévy et al., 2004"**], RGD sequence, its molecular formula and

nomenclature (D) [Hersel et al., 2013"%].

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

AUNP type Size (nm) Dilute solvent
DMAP diameter: 7 30% nanopure water
RGD diameter: 13 40% pure ethanol
Rod - shaped aspect ratio: 3:1 0% solvent

*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 Si surfaces,
substrates had to be activated and functionalized, i.e. to 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 Si substrates have been thermally oxidized at 1000°C for 90 min in
air. This treatment results in a conformal silicon oxide layer. Substrates have been in
turn functionalized with (3-Mercaptopropyl)trimethoxysilane (MPTMS). For that,
substrates have been activated via immersion in Piranha solution [i.e. H2SOu:
H,0,=3:1 (v/v)] for 30min at room temperature (RT), followed by thorough rinsing
with nanopure water and drying with gaseous 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 each), drying with nitrogen and thermal
annealing at 100°C for 30min.

For the binding of the nanoparticles onto the MPTMS-functionalized surfaces,
drop deposition has been followed. A drop of 50 pl has been deposited onto the
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MPTMS-functionalized micropatterned Si surfaces, let be evaporated for 16 hours,
followed by a thorough rinse with nanopure water to remove the nanoparticles that

were not immobilized.
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Figure 3.4: 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.*].

There are several silanes which offer functionalization on surfaces. To present

experiments used MPTMS ((3-Mercaptopropyl)trimethoxysilane) (Figure 3.5).

OCHa

OCHg3;
Figure 3.5: Chemical composition of MPTMS, with thiol 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 requisite —OH end groups**. Figure 3.6 shows the final

morphology of the functionalized silicon substrates.
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Figure 3.6: Covalent bond formation and coating of surfaces with functional silanes™*.
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After this experimental step, the substrates characterized via UV/Vis

spectrophotometry (section 4.1.2).

3.4 Fabrication of micropatterned steel surfaces via ultrashort — pulsed laser

For the fabrication of steel (40CrMnMoS8-6) microconed surfaces, were used the
same laser system and experimental set up as for the Si surfaces microstrucutring
(sections 3.1.1 & 3.1.2). The differences are the reactive gas medium, the focal plane
of the lens, the line separation step between the scans and the gas pressure.

The micro-conical spike formation process was applied on steel alloy wafers, with
fs laser irradiation in air and gaseous ammonia (NHs) atmospheres. The laser beam
was focused by lens with focal plane at 15cm and the line separation was constant at
20um. Ammonia gas pressure remained constant at 150 Torr and the laser fluence
used in these experiments was stable at 0.73 J/cm?.

Debris generated during laser irradiation, by both air and ammonia atmospheres,
were removed by immersing the wafers in ethanol ultrasonic bath for 15 min. Finally

they dried by blowing nitrogen gas.

3.4.1 Corrosion procedure of the microstructured steel surfaces

Corrosion test was done to characterize the corrosiveness and anti-corrosiveness,
of the microstructured steel surfaces, irradiated under air and ammonia gaseous
atmospheres respectively. The test was performed using a hot plate, a glass beaker
and 140mL of aqueous salt dilution (NaCl / H,O : 50 gr/L). The wafers immersed
totally in the aqueous salt dilution, at 35°C, for 2 hours. Finally they dried by N gas
[Hasan, B. 0.,2010'].
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3.5 Characterization of the micro/nano patterned silicon & steelsurfaces
3.5.1 Scanning electron microscopy (SEM)
3.5.1.1 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.

3.5.2 Energy-dispersive X-ray spectroscopy (EDS)
3.5.2.1 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
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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
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™].

3.5.2.2 Experimental process

In our case, EDS spectrums, ensured via SEM. So the experimental process is the
same as in section 3.5.1.2.

3.5.3 Wetting response by static contact angle

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.
3.5.3.1 Fundamentals
3.5.3.1.1 Young’s equation

A small droplet of a liquid deposited on a surface either forms a spherical cap
shape with a well-defined equilibrium contact angle 0 to the solid or it spreads across
the surface until it forms a wetting film. The shape of the drop is described through
the precise equilibrium that results from the balance between the surface tensions (y)
at the three-phase contact line formed along the solid-liquid, liquid—gas and solid—gas

interfaces. The force balance leads to the well-known Young equation:
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}/lgCOSHO =VYsg — Vst (eq.2)

where the subscripts (sg), (sl), and (lg) refer to solid-gas, solid-liquid, and liquid-gas
interfaces respectively (Figure 6.1). The angle at which a liquid-gas interface meets
the solid surface is called the equilibrium or Young contact angle (6,) and for this, the
energy of the system reaches a local minimum [P. De Gennes, 1985, L. Leger and
J.F. Joanny,1992'* G. McHale et. al.,2004].

The contact angle is a measure of the wetting behavior of a given surface and
depending on its value a surface can be characterized as hydrophilic (<90°) (Figure
3.7 (a)) or hydrophobic (>90°) (Figure 3.7 (b)).
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Figure 3.7: A sessile liquid drop on (a) a hydrophilic and (b) a hydrophobic surface.

Surface tension is a manifestation of the intermolecular forces at a surface (or
interface) and is defined as the energy (W) needed to increase the surface area per
increase in surface area (A):

_aw .

High interfacial surface energy for the liquid-solid results in a large contact angle,
i.e. the higher the surface tension of the liquid, or the lower the surface energy of the
substrate, the larger the contact angle. With water, typically the most hydrophobic
flat solids can achieve up to 6~120°. In order to obtain an even more hydrophobic
surface, structuring which will increase its overall roughness is required. The
enhancement of the hydrophilic or hydrophobic character of a surface upon

structuring is reviewed in the following section.
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3.5.3.1.2 Wenzel and Cassie Baxter states

The effect of the macroscopic surface roughness on the wettability of surfaces has

been theoretically approached by two different models.
1. Wenzel model

In the Wenzel model [R. N. Wenzel, 1936, 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 3.8 (a)). This model predicts
that the contact angle will decrease / increase with surface roughness for an initially
hydrophilic (0°<90°) / hydrophobic (6°>90°) surface, since the ratio of the unfolded
surface to the apparent area of contact under the droplet (r) is always greater than

unity. The apparent contact angle, 6.y, is then given by the following equation:
cos6,, =rcosf,,r > 1 (eq.-4)

where 0, is the contact angle on a flat surface of the same nature as the rough (Young

contact angle).
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Figure 3.8: A liquid drop (a) in the Wenzel state, where the drop fills the recessed areas and (b) in the
Cassie-Baxter state, where air pockets are trapped beneath it, minimizing the surface area of the solid

in contact with the liquid.
2. Cassie Baxter model

In contrast, Cassie and Baxter (CB) model assumes [A. B. D. Cassie, 1944*] that
the liquid does not completely permeate the rough surface because air gets trapped
underneath it (“heterogeneous 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. In
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this case, the apparent contact angle, O¢g, is an average of the flat surface, 6,, and the

value for full hover over the flat surface (that is, 180°) and is given by:
cos Ocpy = —1 + fis + 17 fisc056, (eq.5)

where, fis is the fraction of the projected solid surface that is wet by the liquid, and r¢
is the roughness ratio of the wet area.

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 6,. The lower the value of fi;, the higher the contact angle

measured.

When the liquid drop is lying on the top of the rough surface without sinking into
the features at all (Figure 3.8 (b)), the roughness factor will be equal to one (rs=1) and
EQ. 5 becomes the widely used simplified form of the Cassie-Baxter equation.

cos Ocpy = —1 + fis (1 + cosb,) (eq.6)
When fis =1 and r; =r, Eq.5 turns into the Wenzel equation.
3.5.3.2 Technique

There are a number of ways to measure the contact angle including sessile drop,
captive air bubble method, capillary rise method. Static contact angle analysis
provides a first screening of material surface and gives an insight into how the surface
will interact with the external world. It indirectly measures surface energy, roughness,

contamination, etc. and directly surface wettability.
3.5.3.3 Experimental process

For the sessile drop static contact angles, an automated tensionmeter was used to
determine the contact angle, based upon a collection of digital images of sessile drops.
The liquid (i.e. distilled deionized millipore water) drop (3 ul) was gently deposited
on the steel alloy samples using a micro litre plunger-operated pipette (Transferpette
(1-10ul)). Images were captured to measure the angle formed at the liquid— solid

interface. The surfaces being in normal atmospheric conditions and at an ambient
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temperature of 20°C. The mean value was calculated from at least three individual

measurements. Successive measurements were reproducible within + 3°,

3.5.4 Ellipsometry
3.5.4.1 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**°]. 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 propagation of the light wave. Figure 3.9
illustrates how a beam of linearly polarized light incident, on a film-covered surface is

reflected (r) and Figure 3.10 shows the diagram of an ellipsometry device.
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Figure 3.9: Reflection and transmission of polarized light from a transparent film covered surface,
where d is the thickness of the film**°
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Figure 3.10: Schematic diagram of ellipsometry device [Débora Gongalves and Eugene A. Irene,
2002%1].
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3.5.4.2 Experimental process

The measurements for the thickness of silicon oxide made by, the ellipsometer
439, Rudolph Instruments company. The arrangement of optics comprising shown in
Figure 3.10.

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 n/ 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 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%].

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. In our case the

film thickness is calculated by a computer.

3.5.5 Optical response by UV/Vis spectrophotometry

Ultraviolet—visible spectroscopy or ultraviolet-visible spectrophotometry UV/Vis)
is routinely used in analytical chemistry for the quantitative determination of different
analytes, such as transition metal ions, highly conjugated organic compounds, and
biological macromolecules. Spectroscopic analysis is commonly carried out in

solutions but solids and gases may also be studied.
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3.5.5.1 Optical parameters

Three processes can take place when light impinges on a surface: reflection,
transmission, and absorption. Reflectance (R), Transmittance (T) and Absorptance
(A\) are related through [J. M. Palmer,1995"%]:

ROY +T() +A() =1 (eq. 7)

The relative contribution of each process is determined by a material-dependent

complex refractive index [R. Menzel,2001%*]:
n=n+ik (eq.8)

The real part n is called the refractive index and relates the velocity of light in a

medium to that in vacuum:

v=- (eq.9)

where c is the velocity of light in vacuum.

The imaginary part k is called the extinction coefficient and is a measure of the

absorption in the material. The absorption coefficient a of a medium is defined by the

well-known Lambert-Beer’s Law: the transmittance, = =

I
= of a layer decreases

exponentially with the distance traveled through the layer (z), where I; is the incident

intensity and I; is the transmitted intensity™*.

I(z)=1-e”% (eq.10)
and
4-m-k
a=— (eq.11)

where o ' is the distance by which the incident flux has decreased to 1/e and is called

skin or penetration depth.

For normal incidence of light from air to the material, the reflectance of a

material, defined as the reflected to incident intensity ratio, is expressed as:

I, (1-n)?+k?

R:_r:—
L (14 n)?+ k2

(eq.12)
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3.5.5.2 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.
3.5.5.3 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.

4 Experimental part: Results
4.1 Characterization of artificially structured silicon surfaces
4.1.1 Morphological characterization of microstructured silicon surfaces

In order to study the effect of platform architecture on the optical response
(reflectance, transmittance, absorbance), 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. The parameters
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that have been kept constant was the laser wavelength (1) at 1026 nm, the repetition

rate (f) at 1LkHz, the pulse duration (t) at 170fs and the irradiation step axes (X,y).

4.1.1.1 The effect of laser fluence

In this section we study the formation of microstructures on the surface of Si, by
using the Ti:Sapphire laser system (A=1026 nm, =170 fs), operating at a repetition
rate of 1 kHz and SF6 gas pressure at 500 Torr. 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?.

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 J/cm?,(e) 0.35 J/cm? (f) 0.43 J/em? , (g) 0.48 J/cm?, (h) 0.52 J/em? (i) 0.57 J/cm? ,(j) 0.61 J/em?,(K)
0.65 J/cm? (1) 0.70 J/cm?,(m) 0.78 J/cm?. Scale bar : 5um.
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For further investigation, we chose three types of roughness (low, medium, high),
as shown with yellow texts, in Figure 4.1. In Figure 4.2 the low (0.17J/cm?), medium
(0.35J/cm?) and high (0.57J/cm?) roughness are shown. 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 4.2(j)).

15KV X600

Figure 4.2: General characteristics of the laser patterned Si substrates: (a-c) Side SEM views of the as-
prepared Si spikes surfaces structured at three different laser fluencies: (a) 0.17 J/cm? (low roughness)
(b), 0.35 J/ cm? (medium roughness) (c), and 0,57 J/ cm? (high roughness). (d-f) Top view SEM views
of the low (d), medium (e), high (f) roughness respectively. (g-i) Cross section images of (d) low, (e)
medium and (f) high roughness Si substrates, for height measurements. (j) Spot area where the double
narrow indicates the beam polarization. (k) Schematic illustration of a geometrical model for the
underlying surface topography based on the lateral cut views (d-f) of the laser patterned surfaces.
Abbreviations in (k) area: spike height, c: interspike distance. Top SEM views (d-f) revealed an
elliptical base of the microcones which was more pronounced as the laser fluence/ surface roughness

are increased.

As shown in Figure 4.2 for fluencies 0.17J/cm?, 0.35 J/cm? and 0.573/cm? (for low,

medium, high roughness substrates respectively), MCs' density decreases with
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increasing laser fluence. Specifically its value ranges from to 106 to 107/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 7,20+1,7 um.

Table 4.1: Geometrical characteristics of the different micropatterned Si substrates. *

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

(nm)
Low 10.78+0.04 | 3.21+0.48 3.51+0,35 0.17
Medium 6.80+0.10 4.51+0.33 5.52+0.80 0.35
High 4.69+0.04 | 13.81+2.00 7.20+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 (ImagelJ). The
mean values were calculated from at least four individual measurements.

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 gold
nanoparticles (e.g. spherical and rod-shaped), regardless of sizes and functional
groups have a very nice and homogeneous distribution with single nanoparticles. This

was independent of the substrates’s roughness.

Figure 4.3 illustrates SEM images of sphere and rod shaped AuNPs, evaporated on

micropatterened and flat Si substrates.
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13nm Au-spheres

Figure 4.3: SEM images from hierarchical structured Si substrates with gold nanoparticles. On low
roughness (Fig4.3(A),(B)) Si substrate with evaporated gold nanospheres diameter:13nm (scale bar:
100nm). Magnification on a single peak. On high roughness (Fig 4.3(C)) Si substrate with evaporated
gold nanospheres diameter: 13nm (scale bar: 1um). On medium roughness (Fig 4.3(D)) Si substrate
with evaporated gold nanorods aspect ratio: 3:1 (scale bar: 1um), in high magnification of two peaks.

Inset is an image focusing on the flat area with rod-shaped AuNPs (scale bar: 100nm).

4.1.2 Optical properties of micro/nano - patterned silicon 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.
We fabricated extended areas of Si spikes, with fluence value on 0.57J/cm?® (high
roughness substrates), and measure reflectance, transmittance and absorbance as a

function of wavelength, compared to flat Si. Also we study the effect of silicon oxide
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thickness layer (SiO;) on the optical response of both flat and fabricated structures, as
well as their response to evaporated sphere-shaped and rod-shaped AuNPs on

oxidized Si surfaces.

4.1.2.1 The effect of roughness

We measure the total hemispherical reflectance (R) of our samples from 250 nm to
2000 nm using the spectrophotometer described in section 3.5.5.2, equipped with an
integrating sphere. The samples fabricated with stable laser pulse duration (170fs),
wavelength (1026nm) and SFs gas pressure (500 Torr). Figure 4.4 shows the
reflectance (R), transmittance (T) and absorbance (A) measurements of bare Si

microstructured substrate (black Si), in comparison with the flat bare Si substrate.
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Figure 4.4: (a) Reflectance, (b) Transmittance, and (c) the calculated Absorptance of Si structured
using the 170 fs, at 1026 nm laser source (0.57 J/cm? 500 Torr SFs). The same measurements are

shown for unstructured (flat Si), single crystalline Si for reference.

The spectra shown in Figure 4.4 show absorption at below band gap wavelengths

(>1100 nm), where crystalline Si does not normally absorb, suggesting that chemical
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modification, structural modification or combination of both, are maybe responsible

for the improved optical performance of the laser structured samples.

4.1.2.2 The effect of SiO; thickness layer

Through the dry thermal oxidation, silicon oxide layer (SiO, thicknesses: 3, 100,
127, 188 and 245 nm) grow on Si substrates (flat and micropatterned) and measured
via ellipsomery technique. Due to the different optical properties of SiO, (e.g.
permeability, multiple reflections-refractions, low absorption [Ji, Yi-Qin et al.,
2014™), a spectacular change of the spectras for bare microstructured silicon is
observed. Energy band gap of SiO, is much larger (8.9 eV) than the energy gap of Si.
Figure 4.5 shows the R,T and A measurements of a flat crystalline Si substrate before
(bare) and after (oxidized) dry thermal oxidation.
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Figure 4.5: (a) Reflectance, (b) Transmittance, and (c) the calculated Absorptance of flat Si samples.
Spectras compare the optical response of bare and oxidized flat Si substrates, for five different SiO,
thicknesses (3nm(green color), 100nm(magenta color), 128nm(light blue color), 188nm(red color) and

245nm(black color)). Non-oxidized (bare Si) indicates with dark blue color.
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Figure 4.6 shows the R, T and A measurements of a micro-structured Si substrate
(0.57 J/icm?), before and after oxidation, for the same SiO, layer thicknesses as for the

flat Si samples.
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Figure 4.6: (a) Reflectance, (b) Transmittance, and (c) the calculated Absorptance of structured Si
samples. Spectras compare the optical response of bare and oxidized micropatterned Si substrates (0.57
Jlem?), for five different SiO, thicknesses (3nm(green color), 100nm(magenta color), 128nm(light blue
color), 188nm(red color) and 245nm(black color)). Non-oxidized (black Si) indicates with dark blue

color.

The spectra shown in Figure 4.5 (flat Si samples) show absorption incensement in
UV/Vis range, for the oxidized samples compared with the non-oxidized Si. We
already know, that due to the reflectance reduction (anti-reflecting coating) in this
range and electrical properties of SiO; layer, it is commonly used in photovoltaic cells
[Ketan K Ladaval, et. al.,2018'°]. Spectras clearly show that the position of the
transmission maximum, the reflectance minimum, and the absorptivity maximum are
functions of the film thickness. In near IR range we observe that, as the thickness of

SiO; layer increases reflectance reduces and transmittance increases.
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In contrast with the flat oxidized Si spectras, in Figure 4.6 we observe
increasement of reflectance in near IR range, when the micropatterned Si substrates
are oxidized. Also there is transmittance increasement, but in lower rate than the flat
oxidized Si. Furthermore, absorbance spectra shows that 128nm SiO, thickness layer,
on micro-structured Si, leads to high absorbance efficiency (95%) surfaces in UV/Vis
range and low absorbance efficiency (5%) surfaces in near IR range. Additionally, we
observe (Figure 4.6 (c)) that above 128nm SiO; thickness layer, absorbance starts to
increase, which maybe means that there is a plateau on 128nm SiO, thickness.

Refractive index of SiO, is ~1.46 and the refractive index of Si is ~3.98.

4.1.2.3 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 optical response of a
system with many “layers”, to investigate the effect of gold nanoparticles. The system
structure is: Silicon (micropatterned-high roughness) — SiO; layer growth (100nm) —
AUNPs (spherical with 13nm, 7nm diameters and rod-shaped with aspect ratio 3:1).

Figure 4.7 shows the effect of gold nanoparticles on R,T and A spectrums of black

Si substrate.
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Figure 4.7: (a) Reflectance, (b) Transmittance, and (c) the calculated Absorptance of structured Si
samples. Spectras compare the optical response of oxidized and AuNPs decorated micropatterned Si
substrates (0.57 J/cm?), for three different sizes of AuNPs (rod-shaped 3:1(blue color), sphere-shaped
with 7 nm diameter(red color) and sphere-shaped with 13 nm diameter(black color)). Oxidized Si

without AuNPs indicates with dark magenta color.

4.2 Characterization of artificially structured steel surfaces

4.2.1 Morphological characterization of microstructured steel surfaces - The
effect of NH; reactive gas

Micropatterning of steel was performed by ultra-short pulsed laser structuring of
polished steel wafers. This technique offers the advantage of patterning steel surfaces
with periodic arrays of topographical features of microscale size. By varying the laser
energy per unit area (fluence), substrates with different roughness have been obtained.
We fabricated steel micro-patterned surfaces (steel MCs), under air and ammonia
(NH3) gaseous environment, during the laser procedure, to study the influence of
surface chemistry on the wetting properties of steel. SEM-EDS elemental analysis
confirmed the presence of nitrogen (N) onto the substrates which irradiated under

NH;3 gaseous environment (Fig. 4.8 f).

Figure 4.8 reports the surface morphologies obtained with SEM. It can be observed
that the spikes formed upon fs-laser scan processing under air and gaseous ammonia
atmosphere environment represent hierarchical structures, where the micro-scale

spikes-like features are covered with a nano-scale pattern, the so called ripples.

The steel structures fabricated in gaseous NHj; are shorter and smaller than spikes
fabricated in air environment (Figure 3.1 a,d). The reactive gas, plays a distinct role
in the spikes fabrication process, since it determines the size and surface chemistry of

the structures obtained.

Constant parameters during the irradiation procedure of steel samples, were the
laser wavelength (1) at 1026 nm, the laser fluence (0.73 J/cm2), the repetition rate (f)
at 1kHz, the pulse duration (t) at 170fs, the reactive gas pressure (150 Torr) and the

irradiation step axes (X,y).

76



03

6.2

47

" p , %1 B 4 "'; & & e . s - > AR n Ve
iy by 4 _,’\ , £ lie ol b S f 2 A ’e\ ) Z : ?
Steel MC: in NH3
;J -
st ¢ 2 Mo

0.2

Figure 4.8: Top-view (a) and 45°-tilted (b) SEM images of steel surfaces fabricated in air at a fluence

of 0.73 Jicm? (scale bars: 50um & 20 pm respectively); (c,d) EDS spectra from the area shown in (a).

The corresponding elemental analysis is shown in (e); Top-view (f) and 45°tilted (g) SEM images of

fabricated in NH; atmosphere at a fluence of 0.73 J/cm? (scale bars: 50um & 20 pm respectively); (h,i)

EDS spectra from the areas shown in (). The corresponding elemental analysis is shown in (j).

4.2.2 Wetting properties of micro/nano — patterned steel substrates

For controlling the wetting properties of artificial hierarchical surfaces, a

systematic study of the wetting response of steel structured surfaces was performed.
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In particular wetting response of the functional micro-nanostructured steel substrates,
fabricated in both air atmosphere condition and in the presence of NH3 gas pressure,

was examined.
4.2.2.1 The effect of irradiation environment

Laser structuring of steel in a reactive gas (NHs) atmosphere, was shown to reduce
the overall roughness of its surface. Textured steel surfaces have been fabricated by
employing the same wavelength (1026 nm), for constant NH3 gas pressure at 150Torr
and constant laser fluence at 0.73 J/cm?. Table 4.2 shows that the static contact angle
values, of the ammonia functionalized steel micro-nanostructured substrates, is in the
range of 10 to 50 degrees for over 140 days. This hydrophilicity was not stable in the
case of air structured steel substrates, which became hydrophobic to super
hydrophobic after 5 days of laser procedure (Table 4.2). The control substrates for the
C.A. measurements, was the flat steel substrate. Micro-structured substrates were

(5x5)mm and deionized water droplet’s volume was stable to 3pl.

Days Ist 12t 26m | zeh | g01s | 148m

Air structured

steel MCs
. nie -

C.A. +8D. (o) 16+ 2 115+ 3 1502

NH3 gaseous
environment
structured steel
MCs

CA =8D. (o) 172 204 §=2 184 243 434

Table 4.2: Static contact angle (C.A.) measurements of steel MCs structures in air and gaseous NH;

irradiation atmospheres for over 140 days after the laser procedure.

Figure 4.9 illustrates the C.A. fluctuation for 148 measurement days between the
flat, air-structured and ammonia-structured steel surfaces, after the irradiation

procedure.
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Figure 4.9: C.A. fluctuation for 148 measurement days of flat (black spots), air-structured (red spots)

and ammonia-structured (blue spots) steel surfaces.

The wettability of a metallic surface changes with time, due to the air room
conditions which are exposed (organic/carbon material contamination), but during this
process the surface roughness on microscale stays the same [, J. Long et.
al.,2015"". Therefore, it is a challenge to maintain long-term hydrophilic

characteristics on a metallic surface.

4.2.2.2 The effect of corrosion procedure

Salt dilution tests are suitable as corrosion protection tests for surface coatings
with purpose to transform a material from corrosive to anti-corrosive. During
corrosion reaction, metals react with nonmetallic elements of their environment and
producing chemical compounds™®. Steel micro — nano structured surfaces which
fabricated in air and ammonia gaseous atmospheres, for constant laser parameters as
in section 4.2.2.1, have been tested. Both substrates immersed in aqueous salt dilution
(NaCl / H,0 : 50 gr/L) at 35°C, for 2 hours and finally dried by N gas [Hasan, B. 0.
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2010™°]. The first observation was the transformation of the transparency of salt

dilution to a yellow liquid color.

Figure 4.10 reports the surface morphologies obtained with both SEM (a,c) and
confocal microscopes (e-h), after the corrosion test. It can be observed that, for the air
structured steel surfaces, have been created salty patterns in a large number (Fig. 4.10
a, e, f), on both micro-structured (region 1) and flat (region 2) areas. The ammonia
structured steel surfaces did not represent salty patterns (Fig. 4.10 c, g), on the micro-
structured area (region 3), but salty patterns appeared on the flat area (Figure 4.10 h,
region 4). Also, we examined the effect of the corrosion by SEM-EDS elemental
analysis, which confirmed the presence of sodium (Na) and chlorine (CI) elements
onto the substrates which irradiated under air environment and onto the flat regions
(2,4), for both samples (Fig. 4.10 b). In the opposite, steel substrates which irradiated
under NH; gaseous environment did not represent the two previous elements (Fig.
4.10 d), but continued to represent the nitrogen (N) element, as before the corrosion
test (Fig. 4.8 1).
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Figure 4.10 : (a) Top view SEM image of steel MCs fabricated in air, following the corrosion test
(scale bar: 100 um; (b) EDS spectra from the regions 1,2 shown in (a). The corresponding elemental
analysis is shown in (i); (c) Top view SEM image of steel MCs irradiated in NH3 (scale bar: 100 um);
(d) EDS spectra from the region 3 shown in (c); The corresponding elemental analysis is shown in (j);

(e-h) Microscope images of the regions 1-4 shown in the SEM images (a),(c) (scale bar : 100 um).

Table 4.3 shows that the static contact angle values after the corrosion test, of the
ammonia functionalized steel micro-nanostructured substrates, is in the range of 50 to
40 degrees for over 15 days. These values of C.A. are very close to these before the
corrosion test (Table 4.2). This behavior was not observed in the case of air structured
steel substrates, which became hydrophobic to super hydrophobic after 7 days of the
corrosion test (Table 4.3). More specifically, the C.A. value of the air structured steel
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surfaces, was larger than their measured C.A. value after the irradiation procedure
(Table 4.2). The control substrates for the C.A. measurements, was the flat steel
substrate. Micro-structured substrates were (5x5)mm and deionized Millipore water

droplet’s volume was stable to 3ul.

Days after Ist 20th
corrosion test

Air structured

steel MCs

C.A. =8D. (0) 130+4 140+ 2
NH: gaseous

environment

structured steel

- g —

CA. £SD. (0) 50+4 43+4

Table 4.3 : Static contact angle (C.A.) measurements, after the corrosion test of steel MCs structures

in air and gaseous NH3 irradiation atmospheres for over 15 days after the test.

Figure 4.11 illustrates the oxidation of both air- (Fig. 4.11 a) and NH3- (Fig. 4.11 b)
steel MCs, and the untreated areas respectively, after one year of the irradiation
procedures. These images show that the NH3-steel MCs are dramatically less oxidized
than the air-steel MCs.

(a)

Figure 4.11: Photo-shoot of (a) air-structured steel MCs (black square) with the untreated area and (b)
NH;-structured steel MCs (black square) with the untreated area
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5 Discussion & Conclusions

5.1 Micropatterned steel & silicon 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®.

Various methods have been developed for structuring surfaces and fabrication of
micro-nano-patterned and hierarchical surfaces such as electron — beam lithography?,
photolithography®, plasma treatments’. 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®,
optical™, microfluidic* and surface properties'* 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 optical properties of these surfaces, for different thicknesses of
deposited layers on them via chemical process (thermal oxidation) and via coating of

gold nanoparticles.

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*®. 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 laser fluence (0.17-
0.57J/cm?) 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 already seen (BSc thesis) 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 (SFe)
environment. On the other hand, steel subsrates which have been irradiated in ambient
air are larger and taller, than these that have been fabricated in ammonia gaseous
(NHs;) environment. In the latter case, spikes were sharp and they exhibited on their
surface roughness in the scale of nano-. So, the effect of irradiation environment,
plays a distinct role to the nano-scale roughness and surface chemistry of the
substrate, and hierarchical structures are created.

The surface response to the above parameters has been previously studied®®*,

with the same efficiency.

5.3 The influence of surface roughness on the optical properties of Si

micropatterned surfaces

Si is a semiconductor commonly used in optoelectronic devices, such as solar cells
and photodetector applications. However certain shortcomings make its use limited in
certain types of applications; for example as an indirect bandgap material, it is a poor
light emitter. Furthermore, the crystalline Si band gap (1.1 eV) makes its absorption
and photoresponse to abruptly decrease for wavelengths typically above 1100 nm.
This makes crystalline Si unsuitable for many near infrared applications, since it is

insensitive to wavelengths that are extensively used for both telecommunications and
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scientific instrumentation. Nevertheless, Si-based near infrared detectors could lower
production costs and facilitate integration with other microelectronics. Also, the IR
absorption has potential applications for the IR optoelectronic devices, such as IR
image detector.

The optical properties of laser structured Si have been studied*%. The findings of
these authors are almost exclusively based on studies of Si doping with sulfur via fs
and ns pulsed lasers. We showed that laser structuring in the presence of SFg can

increase substantially the absorption of Si in the visible and near infrared range.

Generally speaking, there are two ways to produce below-band gap absorption in
ordinary Si; by introducing impurity atoms or by changing the structural order. First
of all, impurity atoms bind electrons with a different potential and thus can introduce
states in the band gap. On the other hand, structural changes cause deviations from the
periodic crystal lattice and introduce electronic energy levels within the band gap.
Transitions from, or to, these levels can then occur, which enable absorption of
photons with below bandgap energies. Amorphous silicon (a-Si), polycrystalline
silicon (poly-Si), and absorptance. [C.H. Seager et al., 1985™' W.B. Jackson et
al., 19832 W.B. Jackson and N.M. Amer,1982%*] damaged/deformed silicon exhibit
below bandgap In all cases, the presence of significant disorder broadens the abrupt
band edge of crystalline Si producing so called band tails of localized states extending

into the gap.

For samples fabricated in in SFg, there is an increased absorptance (close to 95 %)
observed in the visible spectral range. The increased absorptance in the visible
spectral range can be interpreted as a result of irradiation trapping between the
intercone areas, leading to multiple reflections and thus to enhanced absorptance™.
This is in consistency to the observation that visible absorptance is not affected by
thermal oxidation. The absorptance in the infrared spectral range, suggests an altered
band structure associated with the introduction of sulphur impurity bands within the

1164

Si bandgap®. A doping concentration of the order of 1%, [J.I. Pankove,1971%*] can

induce states within the Si bandgap.
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5.4 Surface functionality influence the optical response of Si micropatterned

surfaces

In the previous section, the optical properties of black silicon were always
discussed about bare silicon-air interface. However, a real world device usually
requires the coating of the interface with some dielectric material either for the
purpose of interface passivation or for the functionalization of the device. To take this
circumstance into account we coated black silicon with SiO, layer, in different
thicknesses, via dry thermal oxidation process which is a high-conformal method.
Furthermore, we evaporated sphere and rod shaped AuNPs on oxidized black Si,
because metal coatings are very promising for the improvement of optical response
for many materials [Mehdi Keshavarz Hedayati et. al.,2016", Svetoslav Koynov et.
al.,2006'™, Chee Leong Tan et al.,2012'"].

The oxidation of prepared black silicon structures is one of the most suitable
passivation procedures, eliminating the negative influence of defective states created
during the formation of black silicon structures. Our results shows that when a SiO,
layer is deposited on black Si surface, reflectance and transmittance increases in the
near IR regions. This means that absorbance decreases, but in the UV/Vis range there

is a stable high absorbance efficiency behavior (97%).

It is very interesting that for 128nm thickness of SiO, layer, there is a saturation
effect. More specifically, for layers thicker than 128nm transmittance reduces and
absorbance increases, while for layers thinner than 128nm there is exactly the
opposite effect. The decrease in the absorbance spectra can maybe attributed to bond
rearrangement within the Si matrix caused by oxidation, rendering the sulphur
impurities optically inactive, or because of defects of the SiO, layer. Structural
inhomogeneities such as stretched, bent or broken bonds, stoichiometric conditions or
ionic impurities at the Si0, interface can result in the formation of trap sites for charge
carriers. Strained and broken bonds caused by the rate at which the oxide is grown
would lead to the formation of carrier trap sites [J F Verwey,1990"°, Herbert R.

Philipp,1979'7"]. Also, the energy band change of Si due to SiO,, is very important.

Metal nanoparticles (NPs) are well known to increase the efficiency of
photovoltaic devices by reducing reflection and increasing light trapping within
device. However, metal NPs on top flat surface suffer from high reflectivity losses
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due to the backscattering of the NPs itself. The cone shaped of the micro-structures,
the size of deposited metal NPs and their random deposition, can randomize the
incident light direction within the structures. This leads to higher light collection and
absorption of the incident light by creating multiple interactions of incident photon
within the surface of the device, and also increases the path length of the incident
light'™. This means that metal NPs on silicon structures allows light absorption close
to 100% over a wavelength range of 300 nm to 1000 nm. By default, the presence of
Si0O; layer under the deposited AuNPs plays a distinct role, because we have seen that
if the SiO, layer does not exist, we have a super absorbed surface which absorbs

~97% over a wavelength range of 250nm to 2000nm.

For different AUNPs shapes, there is a different behavior in R,T and A spectras in
the near IR region (>1200 nm). We can conclude that the shape and the distribution of
AUNPs affect the optical response of the structures. In our experiments the most dense
distribution appears of sphere-shaped AuNPs with 7nm diameter and the most sparse

distribution appears of rod-shaped AuNPs with aspect ratio 3:1.

We have presented a novel structure that exhibits unique optical properties,
especially in the near IR region. This could find application on IR devices,

photodiodes and solar cells with higher device efficiency.

5.5 The influence of surface chemistry on the wetting properties of steel

micropatterned surfaces

Super-hydrophilic surfaces have attracted great attention due their interesting
applications [*, N. Ren et. al.,2014'®, C. Byon et al.,2010"®]. Various methods have
been developed for structuring solid surfaces with novel wetting properties, such as
plasma treatment [R. Niemi et. al.,2010*"], surface coatings [A.M. McDonnell
et.al.,2005'%] and chemical processing [D. Lattner and H. Jennissen,2009**°] . These
methods are not “one-step” methods. Pulsed laser surface processing is an emerging,
one-step, technique for the modification of surface wettability**>*®. This technique
offers the opportunity to produce surfaces with superior wetting properties, such as
improved corrosion resistance [?°, Bizi-bandoki et. al.,2013'"]. Different micro/nano-

scale surface structures have been found to affect the surface functionality. These
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structures include ripples, grooves and semi-periodic micro/nano structures (spikes or
MCs)®.

Steel is one of most widely used metals in industry for applications including
personal care product vessels and chemical processing vessels. Thus, protection of
steel from corrosion is of great technical importance. Controlling its wettability is
useful for fluid contact control with the steel surfaces. Many studies have shown that
the surface chemistry affects dramatically the wettability of the surface [S. Razi et
al.,2016'"*, Y. Guan et. al.,2015""%]. The wettability of a metallic surface changes with
time, due to the air room conditions which are exposed (organic/carbon material
contamination), but during this process the surface roughness on microscale stays the
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same Therefore, it is a challenge to maintain long-term hydrophilic

characteristics on a metallic surface.

Femtosecond pulsed laser was irradiated, under air and ammonia gaseous
atmospheres, on steel surfaces at controlled laser fluence, laser pulse duration and
repetition rate. Laser-induced surface hydrophilic and anti-corrosive functionalities
and their formation were investigated. After surface micro-structuring, under both air
and ammonia gaseous atmospheres, MCs was successfully formed on the surface.
MCs that formed under air atmosphere appeared hydrophobic behavior after 10 days
of the irradiation procedure. In the opposite, ammonia functionalized steel MCs
appeared super-hydrophilic behavior for over 130 days, after the irradiation
procedure. Furthermore, after the corrosion procedure only the ammonia-structured
surfaces remained hydrophilic and the formation of salty layer was not observed. Air-
structured and flat steel samples became hydrophobic, which means that the corrosive
medium affected them. Also the formation of salty layer was observed. To date, there
is no reported work on generating a stable hydrophilic metallic surface using a simple
process. In this work, long term super-hydrophilic steel surfaces were produced using
fs laser surface structuring under NH3 gaseous atmosphere. The findings from this
study demonstrated the possibility of improving steel surface functionalities, by

irradiating via a femtosecond pulsed laser under reactive gaseous atmosphere.
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