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Abstract

This dissertation deals with ultrafast laser micro/nano- structur-
ing of crystalline silicon. Irradiation of crystalline Si with intense,
ultrafast laser light in the presence of a reactive gas (sulfur hexaflu-
oride, SFg) or in water environment leads to a change in its surface
morphology. Upon laser irradiation, silicon surface is covered with
a quasi-ordered array of micrometer-sized structures (Si spikes),
when processing occurs in SFj, or with high density regular arrays
of nanometer-scale structures (Si ripples, Si rods) when processing
occurs in water. The microstructured Si surface has near-unity
absorptance from the near-ultraviolet to the near-infrared and ac-
quires increased hydrophobicity. Finally, we report on the poten-
tial biological applications that laser-structured Si may have. We
investigate the fibroblast cell adhesion and viability on the laser-
textured Si surfaces as well as the covalent attachment of amyloid
peptides on them.
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Chapter 1

Introduction

Semiconductor devices are the foundation of modern electronics and in-
clude various types of transistors and solar cells, many kinds of diodes such
as the light-emitting diode, as well as digital and analog integrated circuits.
Dozens of semiconducting materials are exploited commercially, including the
germanium (Ge) and the gallium arsenide (GaAs). Silicon (Si), though, is the
most dominant material in the field of electronics and photonics. Silicon is a
well-characterized material with well-defined properties, is produced in abun-
dance and in low-cost comparatively with other semiconducting materials. It
can be easily integrated in electronic circuits based on the developing CMOS
technology, detect visible light and convert, directly, sunlight radiation into
electrical energy. All these factors combined with its favorable electrical con-
ductivity have constituted Si the basis of optoelectronic and microelectronic
applications.

However, silicon exhibits some drawbacks as a material and its use is lim-
ited concerning specific implementations. Silicon is a poor light emitter as a
semiconductor with an indirect band gap, cannot detect important communi-
cation wavelengths located in the infrared region of light spectrum and, as a
solar cell, cannot convert efficiently sun’s radiation into electric current due
to its nearly-zero absorption for energies lower than its energy gap (1.07eV).
Significant research efforts have been made in order to overcome, primarily,
these limitations and extend, secondarily, the use of silicon in interdisciplinary
applications.

Extensive scientific research has been conducted towards the development
of new fabrication techniques, which could improve and/or extend silicon’s
properties. Towards this goal, a great amount of research effort has been fo-
cused on the modification of materials surface properties using intense, pulsed
laser irradiation. Laser irradiation can induce the manufacture of structures
on the exposed silicon surfaces both in the micrometer and nanometer length-



scale. The microstructuring of silicon’s surface seems to be favorably consistent
with the novel subfield of electronics, microelectronics which is related to the
study and fabrication of electrical devices at micrometer dimensions.

Semiconductor microdevices have splendid applications not only in photon-
ics or electronics but also in bioelectronics which emerges at the interface of
multiple scientific fields. For instance, the technology of silicon-based biomed-
ical microdevices for implantable diagnostic and therapeutic purposes requires
the synergy of electronics, biology, physics, chemistry and materials science.
By spanning and integrating these diverse subject areas, it may be feasible to
interact with, measure and understand biological systems, enabling advanced
technology from lab-on-chip biomedical diagnoses to implantable neural inter-
faces.

Undoubtedly, one of the greatest challenges with silicon-based biomedical
microdevices such as those developed for neural stimulation, implantable en-
capsulation, biosensors and drug delivery, is to improve the biocompatibility
and tissue integration. This means that the biological response of inorganic
materials, such as silicon’s, seems to be of vital importance in the develop-
ment of bioengineering. This involves the ability of tuning materials surface
chemistry and microstructure and, therefore, converting them into functional
biomaterials.

This thesis describes a method which induces various surface modifications
(morphological, structural and compositional) on crystalline silicon and, thus,
alters its surface properties. These modifications are accomplished during the
action of ultrafast pulsed laser irradiation of crystalline Si wafers in the pres-
ence of a reactive gas or aqueous media. The manufactured structures possess
unique micro/nano morphology and exhibit improved optical, electronic and
wetting properties. [17]

This laser-based fabrication technique of silicon may eliminate certain prob-
lems faced in optoelectronics or photovoltaic technology. The potential progress
arisen in such technological applications is going to be mentioned, nevertheless,
this thesis focalizes in the implementation of micro/nano- structured silicon in
the promising and challenging field of tissue engineering.

Content and organization

This thesis is organized as follows:

In Chapter 1 we study the morphology of the structures fabricated on Si
surface at the micrometer and submicrometer length-scale upon femtosecond
laser irradiation by varying the laser fluence under constant reactive gas condi-
tions. Furthermore, we demonstrate the formation of structures at nanometer
length-scale using as well different laser fluences with the fabrication process



occurring in water environment. This chapter, also, reviews the basic processes
taking place upon the interaction of intense laser pulses with semiconductors
and discuss on the possible mechanisms for the different structures formation.

In Chapter 2 we investigate the optical properties of the laser-formed sil-
icon structures both in reactive gas atmosphere and in water environment.
We ascertain increased absorptance which can reach up to more than 90%
throughout a wide spectral range (from UV to NIR). The effect of surface
morphology on silicon’s optical response is examined.

In Chapter 3 we study the wetting response of the laser-textured Si sur-
faces both in reactive gas atmosphere and in water environment. A general
observation is that the initially hydrophilic surface of the flat silicon is con-
verted into hydrophobic upon laser structuring. This is a direct consequence
of the morphology of the Si structured surfaces.

In Chapter 4 we examine potential biological applications that the micro/nano-
sized Si structures may have. Firstly, we investigate fibroblast cell adhesion
and viability on modificated Si surfaces exhibiting gradient roughness ratios
and wettabilities. Secondly, we use a bio-functionalization technique which is
capable of rendering silicon’s structured surface more appropriate as an inter-
face for biological applications. The technique makes use of the formation of
self-assembled monolayers (SAMs) on silicon surface by exploiting the thiol
chemistry. One target is the selective attachment of an octapeptide, which
belongs to the category of amyloid peptides and forms fibrils in solution, on
the manufactured surfaces. The ultimate target, though, is to achieve the im-
mobilization of bioactive peptides (RGD-peptides) on silicon substrates.



Chapter 2

Ultrafast Laser-Assisted Silicon
Mico/Nano- Structuring

Laser-assisted surface processing of crystalline Si wafers has become the
subject of intensive scientific and technological research for over a decade. [I]
The interaction of laser irradiation with materials and, in particular with semi-
conductors is usually accompanied with the acquisition of different forms of
the ordinary semiconducting materials. [2], 8] Si absorbs laser photons and its
surface can be permanently modified through melting and resolidification, va-
porization or ablation processes.

In particular, intense, ultrafast laser irradiation can cause periodic pat-
terns in the form of ripples (known as laser-induced periodic surface structures
(LIPSS) [4, 5] as well as surface structures with superior control over struc-
ture geometry and pattern regularity. These surface structures obtain conical
features (spikes), as shown in Figure

In this work, we deal with the formation of silicon structures, both at

Figure 2.1: SEM micrographs of silicon spikes (a) side view, (b) close-up view.



the micrometer and the nanometer length-scales, upon laser irradiation with
hundreds of femtosecond laser pulses. The processes by which femtosecond
laser pulses interact with silicon differ greatly from those with picosecond or
longer pulses. [0, [7] The modification of silicon with ultrafast pulses is not yet
well-understood but it is considered that non-thermal, ultrafast phase trans-
formations can occur on a timescale much faster than thermal processes. [8] 9]
It is widely known, yet, that the interaction of femtosecond laser irradiation
with silicon leads to the formation of conical structures on its surface, whose
characteristics depend on laser and ambient gas parameters. [10] These coni-
cal structures (spikes) can be up to 10 microns tall, exhibiting protrusions on
their walls at the submicrometer scale and the intra-spike separation is a few
microns.

In this chapter, details on the experimental procedure of silicon surface
structuring are provided. Then, the morphology of the patterned Si surfaces
fabricated using a Ti:Sapphire laser source both in constant reactive gas at-
mosphere and in water environment is investigated. In particular, the effect of
laser fluence on the morphology of the obtained structures is studied. In the
last section of the chapter, the basic processes taking place upon the interaction
of intense laser pulses with solids (semiconductors), as well as the proposed
mechanisms behind the formation of the structures on materials surface upon
laser irradiation both in reactive gas ambient and in water environment are
discussed.

2.1 Ultrafast laser Si structuring in reactive
gas atmosphere

2.1.1 Experimental procedure

The experimental procedure for Si surface structuring is shown in Figure
. Single crystal n-type Si (100) wafers are subjected to laser irradiation in
a vacuum chamber evacuated down to a residual pressure of about 10~2 mbar
by means of a rotary pump. A micro valve system attached to the chamber
enables a precise backfilling of the reactive gas (SFg), the pressure of which is
measured with a baratron gauge.

The laser beam is focused with a quartz lens on the silicon substrate
mounted to a sample holder inside the vacuum processing chamber. The laser
fluence is varied by using an attenuator or optical density filters. The laser
beam is entered the chamber through a quartz entrance window, normal to the
sample, while the irradiation process can be monitored through this window.



The processing chamber is placed on a computer driven high precision X-Y
translation stage with spatial resolution of 1um allowing sample displacement
with regard to the laser beam. This system allows control over the amount
of overlap between consecutive scans when large area structuring is required.
The irradiating source is constituted by a regenerative amplified Ti:Sapphire
(A=800nm) delivering 200fs pulses at a repetition rate of 1kHz. The laser
beam is focused with a 0.25m focal-length lens onto the sample. The lens is
mounted on a translation stage to allow different spot sizes to be produced on
the sample. The spot size of the nearly Gaussian laser beam is measured with
a CCD camera. Typical spot sizes range from 100pm to 200pm.

Before laser processing, the Si wafers are cleaned in a 10-minute trichloroethy-
lene, followed by a 10-minute acetone, followed by a 10-minute methanol bath.
Then, laser scanning can be conducted by two ways. The first is to scan the
laser beam over the sample by displacing the sample during the exposure of
the laser pulses. This method allows the structuring over a large area of silicon
surface. The second way requires a mechanical shutter to be synchronized to
the translation stages, exposing any given spot on the Si surface to a controlled
average number of pulses. This method allows the irradiation of just a single
spot or of larger areas offering precise control over the number of laser pulses
to which the surface is exposed and, thus, avoiding nonuniform samples.

2.1.2 Morphological analysis

In this subsection, we examine the formation of structures on Si surface
upon ultrafast laser irradiation in the presence of SFy (sulfur hexafluoride
has the role of the reactive gas). Modifications in surface morphology of Si
can be achieved through varying laser parameters (laser fluence, laser wave-
length, number of laser pulses, pulse duration, etc.) or reactive gas parameters
(gas pressure, type of gas). In this work, the impact of laser fluence on the
morphology and the geometrical characteristics of the fabricated structures is
investigated.

For our experiments, each laser-structured surface is fabricated at con-
stant laser fluence ranging from 0.17 to 2.29 J/em?. After laser processing,
each surface is morphologically characterized by field emission scanning elec-
tron microscopy (SEM). An image processing algorithm is implemented in
order to obtain quantitive information concerning the topological characteris-
tics of the formed structures i.e. spikes’ density, profile, height, and separation.
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Figure 2.2: Experimental set-up of laser Si microstructuring in reactive gas
atmosphere (SFg.

Laser fluence dependence

As depicted in the SEM micrographs of the patterned Si surfaces produced
at different laser energies per unit area (Figure , the textured areas com-
prise forests of conical microstructures (spikes). In all cases, Si spikes are
fabricated at constant gas pressure (SFg at 500 Torr) by exposing any given
spot on the Si surface to an average of 500 pulses.

Variations of laser fluence cause remarkable changes in the structures as to
dimension and density. By increasing laser fluence, conical microstructuring is
promoted on the Si surface, with structures becoming more pronounced and
spatially separated. Besides directly affecting the micrometer length-scale sur-
face topography, increasing fluence is also crucial to induce a more pronounced
submicrometer decoration on the spikes’ walls.

In particular, spikes’ height varies from one to ten micrometers (Figure
2.4)), while the size of the protrusions on Si cones ranges from tens to a few
hundred of nanometers, providing a double length-scale pattern on silicon sur-
face.
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Figure 2.3: Side-view SEM micrographs of silicon spikes fabricated at fluence:
(a) 0.17 J/em?, (b) 0.34 J/em?, (c) 0.68 J/em?, (d) 1.15 J/cm? and (e) 2.29
J/em?.

As shown in the next graph, spikes’ density decreases with increasing laser
fluence and its value ranges from 10° to 107/em? (Figure [2.5), whereas, intra-
spike seperation increases with increasing laser fluence ranging from about 1
to 6 micrometers.

Finally, it should be outlined that the reactive gas also plays a distinct role
in the fabrication process, since it determines the sharpness of the structures
obtained. The Si structures fabricated in vacuum are blunt and irregular (Fig-
ure (a)). However they become more pronounced with increasing ambient
gas pressure (250-1250 Torr). Increasing reactive gas pressure, as laser fluence
and number of pulses, acts favorably to the formation of second-length scale
roughness on the surface of the cones (Figure (b)). [27]
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Figure 2.5: Laser fluence dependence of spike’s density.

2.1.3 Structural and compositional analysis

The formed structures consist of a core of undisturbed Si covered with a
few hundred nanometer thick, highly disordered layer. The disordered layer
covering the Si cones extends from their tips down to their bases, while no
interface can be distinguished between the Si substrate and the Si cones. It



Figure 2.6: Side SEM images of Si microstructures fabricated in (a) vacuum,
(b) a 500 Torr SFg atmosphere.

is evident that the interior of the spikes is single crystalline independently of
the laser parameters. Moreover, since the Si substrate is also oriented along
the [100] crystallographic axis, the spikes obtain the same orientation as the
substrate that they are grown on. [27]

The composition of both the disordered outer layer, as well as the interior
of the fabricated micro-cones has been determined. [27] The surface layer con-
tains sulphur (S), a result of the photodissociation of SFg, at a concentration
of the order of 1 wt%. However no sulphur is detected in the spikes interior.
Furthermore, silicon oxide exists on the surface of the cones. [27]

2.2 Ultrafast laser Si structuring in water en-
vironment

As described in section 2.1, the patterned Si surfaces produced at different
laser energies per unit area (fluences), in the presence of reactive gas (SFp)
comprise forests of conical structures (spikes) exhibiting features at the mi-
crometer and submicrometer length-scale. Variations of laser fluence cause
remarkable changes in spikes topology. Besides affecting the micrometer-scale
topology, increasing fluence is also crucial to induce a more pronounced sub-
micrometer decoration on spikes’ walls. In particular, spikes’ height varies
from one to ten micrometers, while the size of wall-protrusions is mainly at
the scale of a few hundred of nanometers, providing a double length-scale
pattern on the silicon surface. The micrometer-scale features, together with
the submicrometer scale structures result into the enhancement of the overall
roughness.
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Mazur et al. have directed towards the formation of smaller feature sizes
on Si surface. They have reported the formation of high-density regular arrays
of nanometer-scale structures using femtosecond laser irradiation of a silicon
surface immersed in water. The resulting surfaces exhibit nanometer-scale rip-
ples or nanometer-scale rods depending on the laser-based procedure. [28]

In this section, the formation of nanometer-scale features using femtosec-
ond laser irradiation of a silicon surface immersed in water is investigated.
We use 800nm femtosecond irradiation, below the ablation threshold, and the
resulting Si surfaces exhibit structures at the nanometer length-scale.

2.2.1 Experimental procedure

A single crystalline n-type silicon wafer (100) or a micro-patterned silicon
substrate is placed in a glass container filled with distilled water, which is
then mounted on the translation stages. The sample is irradiated by 1kHz
train of 200fs, 800nm laser pulses from an amplified Ti:Sapphire laser source.
The laser pulses are focused by a 0.25m focal length lens. The focal point
is approximately located behind the substrate surface, and the spatial profile
of the laser spot is nearly Gaussian. The sample is translated in a direction
perpendicular to the laser beam. The experimental set-up is shown in Figure
2.1

The silicon substrate is exposed to a one-step procedure in order to cre-
ate nanometer-scale ripples and to a two-step procedure in order to create
nanometer-scale rods onto the surface. The laser pulses travel through ap-
proximately 10mm of water before striking the Si surface at normal incidence.
The sample is irradiated, in the water environment, at low fluence regime.
SEM images reveal the structures formed on the laser-textured silicon sub-
strates.

2.2.2 Morphological analysis

In this section, we examine the formation of nanometer-scale structures on
Si surface upon ultrafast laser irradiation in water environment. The impact
of laser fluence on the morphology of the fabricated structures is investigated.
Our experiments are performed in a low fluence regime. Then each surface is
morphologically characterized by field emission scanning electron microscopy
(SEM).

Firstly, a crystalline Si wafer is irradiated in water under constant laser
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Figure 2.7: Experimental set-up of laser Si nanostructuring in water environ-
ment.

fluence (0.08 J/em?) by varying the number of the incident laser pulses (Fig-
ure . We can, therefore, examine the dynamic evolution of the surface
topology in correlation with the number of the laser pulses. After a few laser
pulses (4 to 10 pulses), overlapping spherical waves are observed on the surface,
probably due to surface defects. By increasing the number of pulses (15-100
pulses), straight ripples are formed whose pattern becomes more distinct with
higher number of incident pulses (200-300 pulses). Further increase in pulse
shots may destroy the Si distinct pattern.

Scanning the laser beam onto the Si surface within the water, larger
samples can be structured maintaining the low laser fluence regime. As it is
illustrated in Figure (b), straight ripples form with spacing of about 120nm
and width of about 55nm. The long axis of the ripples is perpendicular to the
laser polarization. Further increase in laser fluence may lead to the formation
of grooves which are parallel to laser polarization and perpendicular to the
long axis of the ripples. For fluences below 0.05 J/cm?, no formation of ripples
is observed.

If the ripples, formed under the low fluence regime, are irradiated a
second time in water at a fluence of 0.05J/cm? with the laser polarization ro-
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Figure 2.8: Scanning electron micrographs of a silicon surface irradiated in
distilled water by an increasing number of laser pulses. Irradiation is perfomed
using a 800nm/200fs pulsed laser at a fluence of 0.1J/cm?.

tated by 90° so that it becomes parallel with the long axis of the ripples, the
ripples break up into the nanometer-scale rods shown in Figure [2.10} This
two-step irradiation process results in a surface that is uniformly covered with
nanometer-scale rods.

The Si nanorods are about 60nm in diameter with a spacing of less than
60nm and can be up to a few hundreds of nanometers tall, protruding normal
to the surface (Figure The density if the nanorods is quite high and can
reach the value of 5.5%10%/cm?

Additionally, we examine the impact of substrate surface roughness on
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Figure 2.9: (a) SEM picture of silicon surfaces after irradiation in water
with 800nm/200fs laser pulses with an average of 500 pulses at fluence: (a)
0.05J/cm?; (b) 0.1J/em? and (c) 0.5J/cm?. The arrow indicates the direction
of the laser polarization.

St ripples laser polarization rotated by O0° St rods
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Figure 2.10: Formation process of nanometer-scale rods.

nanometer-scale ripple and rod formation. Surface roughness is induced by ir-
radiating a flat silicon substrate in the presence of S'Fj to structure micrometer-
sized spikes at different laser fluences (section 2.1). We, then, expose the mi-
crostructured substrates to the irradiation process taking place in water in
order to create the nanometer-scale features.

Firstly, we investigate the value of laser fluence required for the ripple for-
mation onto the microstructured Si. We observe that for each microstructured
substrate different values of laser fluence are needed in order to form straight
ripples. We use,initially, three microstructured substrates belonging to dif-
ferent fluence regimes (low, mid and high) and then we apply the irradiation
process in water. Figure (microstructuring at low fluence), Figure
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Figure 2.11: SEM picture of nanometer-scale rods formed using a two-step
irradiation process of a silicon surface. (a)Top view, (b) side-view, and (c)
cross-sectional side view of the nanometer-scale rods.

(microstructuring at medium fluence) and Figure [2.14] (microstructuring at
high fluence) present the results obtained.

Specifically, we observe that each microstructured sample needs different
laser fluence in order to form straight ripples on its cones. For microstructur-
ing at high fluence, higher value of laser fluence is required for the irradiation
occuring in water. We know that by increasing laser fluence, in the presence
of SFy, protrusions at the submicrometer length-scale are formed on spikes’
walls. Consequently, the microsized cones need higher fluence, for the irradi-
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Figure 2.12: SEM pictures of nanometer-scale ripples formed on a microstruc-
tured silicon surface. (a) Initial microstructured Si surface produced at flu-
ence: 0.16J/cm?. Trradiation of the microstructured substrate (shown in (a))
in water at fluence: (b) 0.07J/cm?, (c) 0.1J/em? and (d) 0.2J/cm?

ation process in water, in order to melt,initially, their protrusions and then
form the straight ripples on them.

Another significant observation is that if the laser fluence exceeds a value
(this value depends on the microstructured substrate) the underlying struc-
tures can be destroyed (Figure (d)) . However, straight ripples are formed
in that case as well.

Finally, as soon as, straight ripples are formed on the microstructured
samples, the substrates are irradiated for a second time in water at a very low
flunece of 0.05J/cm?, with the laser polarization rotated by 90° so that it be-
comes parallel with the long axis of the ripples. The ripples break up into the
nanometer-scale rods shown in Figure [2.15] A three step irradiation process
is required, therefore, for the rod formation onto the surface of Si spikes.

Before completing this section, it is important to outline the advantage
that the laser processing in water offers concerning the surface topology. Al-
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Figure 2.13: SEM pictures of nanometer-scale ripples formed on a microstruc-
tured silicon surface. (a) Initial microstructured Si surface produced at flu-
ence: 0.34J/cm?. Trradiation of the microstructured substrate (shown in (a))
in water at fluence: (b) 0.1J/cm?, (c) 0.2J/em? and (d) 0.3J/cm?

though, laser structuring in water requires two irradiation steps in order to
cover the micro-sized spikes with nanometer-scale features, these features can
be fabricated in a reproducible and, mainly, controlled way. In contrast, the
protrusions that are formed on spikes’ walls during laser processing in the pres-
ence of a reactive gas, are at the submicrometer length-scale and are formed
spontaneously. Such irradiation process lacks of control over the nanometer-
scale features.
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Figure 2.14: SEM pictures of nanometer-scale ripples formed on a microstruc-
tured silicon surface. (a) Initial microstructured Si surface produced at flu-
ence: 1.15J/cm?. Trradiation of the microstructured substrate (shown in (a))
in water at fluence: (b) 0.07J/cm?, (c) 0.1J/em? and (d) 0.5J/em?

2.3 Femtosecond laser-semiconductor interac-
tions

2.3.1 Fundamental processes

When semiconducting material absorbs energetic photons from laser irra-
diation, its electrons are excited from their equilibrium states into higher-lying
unoccupied states. This is the initial interaction of laser light with the semi-
conductor. Following the optical excitation, four basic processes occur. These
processes are illustrated in Figure [2.16

The electrons can undergo interband transitions by (a) single-photon ex-
citation, (b) multi-photon excitation, (c) intraband transitions by free-carrier
excitation, or (d) impact ionization. Single photon band-to band excitation is
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Figure 2.15: SEM picture of nanometer-scale rods formed on a microstruc-
tured silicon surface using a three step irradiation process (a) initial mi-
crostructured Si surface produced at fluence: 0.05J/cm?, (b) irradiation of
the surface shown in (a) in water at fluence: 0.1J/cm? for ripple formation,
(¢) irradiation of the rippled, microstructured substrate (shown in (b)) in water
at fluence: 0.05J/cm? for rod formation

the primary process whereas the multi-photon excitation becomes increasingly
significant with laser intensity, as the probability of nonlinear absorption is ac-
cordingly increased. [12] Free carrier excitation refers to the linear absorption
of photons by a conduction band electron and then occupying higher states
within the conduction band. If the carrier density is sufficient in the conduc-
tion band, some free carriers can acquire enough energy to create additional
conduction band electrons by impact ionization.

A highly excited electron in the conduction band relaxes by releasing part
of its energy through promoting another electron from the valence band to
the conduction band. This process increases the density of free electrons in
the conduction band. If the laser intensity is high enough, multi-photon ab-
sorption and impact ionization can lead to optical breakdown, which produces
plasma. [13]

The excited electrons relax and the deposited energy is redistributed through
a number of processes which lead to the structural modification of the semi-
conducting material. The timescales of this chain of events can be crudely
classified as depicted in Figure [2.17 [12]

The primary electronic excitation is associated with very short-lived coher-
ent polarization of the material. Dephasing processes destroy the polarization
roughly on a time scale of about 107! sec. [14] The initial distribution of
excited electronic states is rapidly changed by carrier-carrier interaction pro-
cesses, and a quasi-equilibrium situation is established among the electrons on
a time scale of about 107!3 sec. The quasi equilibrium electrons cool down
on a timescale of 107! to 107! sec by emission of phonons (carrier-phonon
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Figure 2.16: Schematic of electronic excitation in a semiconductor by laser
pulses: (a) single photon excitation, (b) multi-photon excitation, (c) free
carrier-absorption, (d) impact ionization
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Figure 2.17: Timescales of the various secondary processes in comparison to
the pulse duration at FWHM in the case of ns and fs pulses

scattering).
The final stage of the thermalization process is the redistribution of the
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phonons over the entire Brillouin zone according to a Bose-Einstein distribu-
tion. At this point the temperature of the laser excited material can be defined,
and the energy distribution is characterized by the temperature. Subsequent
processes are of thermal nature. After phonon relaxation and phonon redistri-
bution, the diffusion of heat from the surface to the bulk, follows on the time
scale of 107! sec. If the laser pulse intensity exceeds the melting threshold,
melting occurs. Finally, thermal ablation takes place on a timescale of10~*°
sec.

There is a distinct dividing line at about 107'% sec defining the regime
between non-thermal and thermal processes. Mechanisms leading to struc-
tural modifications using picosecond and longer laser pulses are in most cases
thermal, i.e., they take place on timescales longer than a picosecond. On the
other hand, employment of ultra short (femtosecond) pulses leads to a different
kind of modification. As illustrated in Figure [2.17, when the pulse duration
is significantly less than electron-to-lattice (ions) energy transfer time (and
subsequently to the heat conduction time), non-thermal pathways may be ac-
cessed that take place on a timescale shorter than a picosecond, hence before
thermal processes kick in. However, there are still several aspects of femtosec-
ond laser induced modification of solids yet to be interpreted.

2.3.2 Laser induced periodic structures

Laser-Induced Periodic Surface Structures (LIPSS) is a form of laser in-
duced surface modification which appears to be spatially periodic in nature,
and which occurs on a wide range of both opaque and transparent materials. 3]
The common morphological characteristics found in semiconductors, metals
and dielectrics have led to the conclusion that the formation of laser-induced
periodic surface structures by a single laser beam is a universal phenomenon
that can appear on a material absorbing radiation, regardless of its dielectric
constant. 3| 24]

Structures developed on solid structures can be classified into coherent and
non-coherent. [I7] Coherent structures are strongly related to the laser light
parameters such as coherence, wavelength and polarization. The spatial peri-
ods of such structures are proportional to the laser wavelength and they are
oriented perpendicularly to the electric vector of the incident light. On the
other hand, the period of non-coherent structures are related to the laser-beam
intensity and the ambient gas pressure, when such is used, and it is not as-
sociated with the laser wavelength and polarization. Non-coherent structures
exhibit a wave-like topography with a spatial period much larger than the inci-
dent laser wavelength and appear at high laser intensities. [25] The formation

21



of such periodic structures has been attributed to capillary waves. [26]

This initial wave-like pattern acts as a precursor to the development of
Si micro-structures. Subsequent laser induced preferential material removal
as well as chemical etching of the Si surface (by the reactive gas), promote
conical feature formation on the Si surface. Since complex deformation mech-
anisms take place during the formation of Si structures, their exact role and
distribution is not easy to identify. In the following sections we review on the
basic characteristics of each process, by treating them separately.

Capillary waves

Surface melting upon laser irradiation may lead to the excitation of con-
vective fluxes within the liquid layer. In laser-assisted material processing,
such convective fluxes play an important role in material transport and they
may originate either from changes in material density related to temperature
gradients in the z- direction or from surface tensions effects. [17] In laser ma-
terial processing, surface tension effects are mostly dominant since the molten
layer depth, h;, is smaller than the capillary length (I.), i.e. i< l.=(c/p g)*/?,
where o is the surface tension coefficient of the air/liquid interface, p is the
density of the liquid and g is the gravitational acceleration. [I]

Capillary waves can be excited at the air/liquid interface when the dom-
inant restoring force is provided by surface tension. This occurs if the above
condition is met at laser fluences close to the material melting threshold. If
the decay of the capillary wave activity is not complete by the time the surface
resolidifies, a permanent record of the wave-like structures is frozen onto the
surface (Figure 2.18). [3] = The wavelength of the capillary wave is given by :

==z —>

Figure 2.18: Capillary waves excited on a material surface. A.is the wavelength
of the capillary waves. [27]

Ae = [%]1]1/4 (2.1)

where 7. is the period of the capillary wave.
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Preferential material removal

Growth of high roughness conical silicon structures from the initial wave-
like pattern has been attributed to the preferential material removal, owing to
further laser interaction with the semiconductor. The increase of reflectivity
of the silicon surface with the increase of the incident angle may lead to the
formation of silicon micro-structures. [I5]16] This results in material removal,
mainly, in those areas of the material surface that are oriented normally to the
laser beam axis.

In addition, the laser irradiation reflected from the silicon cone slopes can
lead to light entrapment between the micro-structures, where the laser fluence

is locally increased (Figure [2.19)).

4

Figure 2.19: Schematic of light reflection off a protrusion leading to enhanced
light absorption in the intercone areas

Laser induced chemical etching

Chemical etching can be initiated or enhanced by laser excitation of the
silicon substrate, adsorbates on the surface, or species in the gas phase. Laser-
chemical etching is a method of material modification, inducing either an over-
all change in the chemical composition of the material or the activation of real
chemical reaction. [I7] SFs is a known etchant of silicon as it is a halogen-
containing gas.

SFg is stable at 300K and does not chemisorb on silicon. However, heating
at 1000 °C is possible to initiate thermal reaction. SFg can be physisorbed at
90K or at a pressure of P>1 Torr at room temperature. In plasma etching
applications, the dissociation of SFy and the resulting formation of fluorine
radicals are well-known. [I8], [19] Etching of silicon can then be associated with
the formation of fluorine radicals, which react with silicon and, eventually,
volatile Si containing fluorine compounds are formed.

Laser-induced etching of silicon with S Fy can take place via a vibrationally
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or electronically excited molecule or a radical created by photodissociation.
The course of the latter interaction has been studied using C'Oy laser pulses
in the presence of SFy at normal incidence to the Si substrate. It has been
suggested that gaseous or physisorbed SFg molecules are excited into higher
vibrational states via coherent multiphoton excitation. In contrast to ground-
state SFg, vibrationally excited SFg can dissociatively chemisorb on Si sur-
faces resulting to the formation of fluorine ions. Part of the chemisorbed F-ions
penetrate into the Si forming a fluorosilyl layer. Via a number of subsequent
processes SiF} is formed and desorbs from the surface. [21]

With high fluences and parallel incidence of the C'O, irradiation, decom-
position of SFs may occur due to coherent and multiphoton absorption (via
the vibrational state ladder) resulting in its dissociation. [22] SFs molecules
decompose into SF5 and F atoms. SF5 (being very unstable) decomposes into
SF, and another F atom, which both diffuse into the Si surface and react
to form SvFy. Gas-phase photodissociation of SFg producing fluorine radicals
has also been demonstrated for intense femtosecond irradiation at 800 nm. [20]
Finally, Lowndes et al have suggested that fluoride compounds such as SiF;
and S7Fy, which are volatile at the transient temperatures reached during laser
heating, can be formed under irradiation of Si with a KrF (A=248 nm, 7=25
ns) excimer laser. [21]

Figure [2.20] shows a possible scenario of how etching of the surface via
photodissociation of SFgz may take place. [23]

1. A silicon surface is exposed to femtosecond laser pulses in the atmo-
sphere of SFg.

2. Intense femtosecond laser pulses disrupt the molecules close to the sur-
face, where the fluence is high (the laser light is focused onto the surface).
This creates reactive fluorine radicals.

3. The radicals react with (possibly liquid) silicon and form SiF, com-
pounds.

4. SiF, compounds are desorbed by the laser and then volatile species
(such as SiFy) leave the surface.

The aforementioned scenario explains the process of material removal via
laser assisted chemical etching. Given the fact that bluntcones are produced
in the absence of the gas, it is most likely, that the spikes are formed through
a combination of both ablation and chemical etching of the surface. One pos-
sibility is that ablation produces structures that are sharpened by the gas.
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Figure 2.20: Possible interaction mechanisms of SFy with Si. [23]

2.3.3 Formation process of the nanometer-scale struc-
tures

Mazur et al have explained the formation process of the nanometer-scale
ripples and rods in their work. [28] In this section, the proposed formation
mechanisms are mentioned. The morphologies, observed upon laser irradi-
ation in water environment, can be attributed to laser interaction with the
silicon/ water system: ultrafast melting and resolidification at low fluence.
At low fluences (below the ablation threshold of silicon in water), the laser
fluence is still intense enough to cause ultrafast melting. The spacing of the
ripples is reduced to around 120nm. During the irradiation of silicon with a
femtosecond pulse in the low-fluence regime, the front portion of the laser pulse
excites a large number of electrons increasing the index of refraction in a thin
surface layer of silicon. Within this high-index layer, the effective wavelength
of refracted and scattered light is reduced, and the periodicity of the inter-
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ference pattern is likewise reduced. Approximately one picosecond after the
laser pulse strikes the surface, ultrafast melting produces a liquid layer whose
evolution is dictated by surface-wave driven growth dynamics. The periodic
absorption excites nanometer-scale surface waves in the liquid layer, and upon
resolidification, nanometer-scale ripples are frozen into the surface.

The surface morphology after laser irradiation is due to the interplay be-
tween surface wave dynamics and the lifetime of the molten layer. Taking into
account that the melt depth is large compared to 120 nm, the lifetime 7 of a
capillary wave is proportional to the square of its wavelength \, 7 = \?/872v,
where v is the kinematic viscosity of the liquid. Taking v to be 2:107"m?/s, we
obtain a lifetime of approximately 1 ns for a capillary wave with a wavelength
of 120 nm. For surfaces irradiated in a gas, the lifetime of the melt is longer
than 30 ns, much longer than the lifetime of a surface wave with a wavelength
of 120 nm. By the time the surface resolidifies, any nanometer-scale surface
waves have died out and been replaced by surface waves with longer wave-
lengths and longer lifetimes. The thermal conductivity of water, however, is
over 1 order of magnitude higher than that of a typical gas, and water vapor-
izes and dissociates on the substrate surface. The larger thermal conductivity
of the water and the vaporization and dissociation of water result in a large
heat transfer out of the molten layer, and so the lifetime of the molten layer
in water is less than 1 nanosecond. The presence of water and the associated
increase in the cooling rate of the molten layer allow for the nanometer-scale
ripple patterns to be frozen into the surface before they die away.

During the second irradiation step nanometer-scale rods form along the
straight nanometer-scale ripples. Although the second irradiation is at much
lower fluence than the first one, the laser pulses melt the nanometer-scale
ripples, because the absorptance of a rippled surface is higher than that of a
smooth surface. Once they are molten, the ripples tend to break up into beads.
As in the formation of the ripples, the scale of beads is set by the interference
between incident and scattered laser light below the surface, which produces
a periodic absorption pattern along the long axis of the ripples and excites a
surface wave along the length of the ripples. Once the ripples break up into
beads, subsequent laser irradiation sharpens the beads into rods through pref-
erential removal of material around the beads by laser-assisted ablation.
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Chapter 3

Optical Properties of Laser
Structured Si

3.1 Introduction

Silicon (Si) is the most commonly used semiconductor in the field of op-
toelectronics as it can be easily integrated in electronic devices, detect visible
light and function as a solar cell. However, silicon shows some drawbacks and
its use is limited concerning specific applications. First of all, silicon is poorly
used as light emitting diode because of its indirect band gap. Si cannot de-
tect, also, important communication wavelengths and cannot exploit the whole
sun’s light spectrum, as silicon’s light absorption decreases for wavelengths
above 1.1ym due to its energy band gap (1.07eV). Consequently, ordinary
crystalline Si cannot convert efficiently the energy of sunlight into electricity
and, additionally, it is unsuitable for applications, such as telecommunications
and scientific instrumentation which are based mainly on the absorption of the
infrared region of light.

Great research efforts have been made in order to overcome these limita-
tions. Use of different semiconducting materials or compounds (Ge, InGaAs,
etc.), which can detect in the near infrared, is an alternate solution. However,
near infrared detectors based on silicon technology could be produced in lower
cost and facilitate integration with other microelectronics. Laser-assisted mi-
crostructuring of Si wafers (silicon spikes) is a novel approach of improving
the optical properties of silicon. Upon laser processing, silicon surface ob-
tains a velvet black color (black Si, Figure [3.1)), providing a clear indication
of the induced change in the optical properties with respect to the original,
grey surface. This change can be, certainly, correlated with the absorption
in the visible spectral range. Femtosecond laser structuring in the presence of
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S Fg ambient can enhance, greatly, the absorption of Si in near infrared as well.

S

Figure 3.1: Top view of a femtosecond laser structured Si surface (black area)
with respect to the flat Si surface (grey area)

In view of the infrared absorption of laser-textured silicon, it seems to
be interesting to point out the optical behavior of ordinary silicon. In crys-
talline silicon, light can be absorbed when the energy of the incident photon is
greater than silicon’s band gap energy. The energy from the absorbed photon
promotes an electron from the valence band to the conduction band, leaving
a hole in the valence band. However, the minimum energy of the conduction
band and the maximum energy of the valence band correspond to different
k-vectors in k-space (indirect gap). Therefore the absorption of photons is
indirect.

Indirect photon absorption means that the excitation of an electron from
the valence to the conduction band at energies near the energy band gap re-
quires simultaneously the change of electrons momentum by absorption or
emission of a phonon. The indirect band gap lies at 1.07eV at room tem-
perature. For energies exceeding the band gap energy, there is an abrupt
absorption increase. In contrast, photons with energies less than the band
gap energy cannot be absorbed by silicon, unless the photon flux is sufficiently
great to produce multi-photon absorption. Taking into account the absorp-
tion of crystalline silicon, the observed infrared absorption in microstructured
silicon is quite impressive.

The optical properties of laser structured Si have been studied from dif-
ferent research groups. Mazur et al. have investigated the advantages of-
fered by femtosecond laser processing on the optical response of Si structured
surfaces. [29, [30] Furthermore, Zorba et al. have implemented different laser
sources with variable pulse durations in order to examine the influence of these
laser parameters on the improvement of the optical behavior. [27]
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In this study, we examine the optical properties of laser-patterned Si fab-
ricated in constant gas ambient and in water environment. The irradiating
source is constituted by a regenerative amplified Ti:Sapphire laser (A=800nm)
delivering 200fs pulses at a repetition rate of 1kHz. The fabricated Si sam-
ples consist of structures at the micrometer and nanometer length-scale. The
absorptance of these Si structures is measured as a function of the wavelength.

3.2 Optical parameters

Three processes can take place when light impinges on a substrate: reflec-
tion, transmission, and absorption. Reflectance (R), Transmittance (T) and
Absorptance (A) are related through the equation [31]:

RO +T(\) + AN =1 (3.1)

In electromagnetism, the relative contribution of each process is determined
by a material-dependent complex refractive index [32]:

i =n+ik (3.2)

The real part n is called the refractive index and relates the velocity of
light in a medium to that in vacuum:

o

medium — 3.3
Umed " (3.3)

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, «, of a medium is
defined by the well-known Lambert-Beers Law: the transmittance, T=1I;/1; |
of a layer decreases exponentially with the distance traveled through the layer
(z), where Ti is the incident intensity and It is the transmitted intensity. [32]

Li(z) = Le™®* (3.4)
with Ak
T
-7 3.5
o= (35

where a1 is the distance by which the incident flux has decreased to 1/e
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and is called 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 [32)]:

~

L _(=n;+s (3.6)

R
i (1+n)?+ k2

3.3 Optical Measurements

3.3.1 Optical properties of micro-textured Si

The total hemispherical reflectance (R) and transmittance (T) of our Si
samples are measured, directly, from the near ultraviolet (0.25um) to the
near-infrared (2.5um) using a spectrophotometer, equipped with an integrat-
ing sphere. The use of the integrating sphere is necessary for the reflectance
and transmittance measurements of a strongly scattering material. The ab-
sorptance (A) of the samples can be determined via the relation: A(\)=1-
R(N)-T(N).

Typical reflectance, transmittance and absorptance spectra of the microstruc-
tured Si substrates are shown in Figure [3.2] The corresponding spectra of
unstructured Si surfaces are also shown. The drop in the absorptance for crys-
talline silicon near 1100nm corresponds to the band gap energy of crystalline
silicon (1.07eV). Light at longer wavelengths does not contain enough energy
to promote an electron from the valence band to the conduction band and
absorption becomes negligible for crystalline silicon.

On the other hand, microstructured silicon has a drastically decreased re-
flectance and transmittance over the entire measured spectrum. The lowered
transmittance and reflectance result in near-unity absorptance in the entire
wavelength region 250 nm<A< 2500 nm. The increased absorption in the vis-
ible is consistent with the black appearance.

In particular, crystalline silicon is highly reflective across the electro-
magnetic spectrum due to its high refraction index. Therefore, a substantial
amount of light is not absorbed. The absorption for this type of silicon changes
abruptly and decreases to essentially zero for below-band gap energies. There-
fore, only energy greater than the band-gap energy can be absorbed.

Below band gap absorption in crystalline Si is feasible by introducing im-
purity atoms or changing the structural order of the crystal lattice. In the
first case, the introduction of impurity atoms, which means the replacement
of Si atoms with donor or acceptor atoms in the lattice, involves the intro-
duction of energy states in the forbidden band gap. This occurs due to the
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Figure 3.2: (a) Transmittance, (b) Reflectance, and (c) the calculated Absorp-
tance of Si laser-structured. The same measurements are shown for unstruc-
tured, single crystalline Si for comparison

fact that the impurity atoms bind the electrons with a different potential. In
contrast, structural changes cause modifications in the periodic crystal lattice
and, thus, lead to the introduction of energy levels in the band gap. The exis-
tence of these states within the band gap allows the absorption of photons with
below-band gap energies. Transitions from or to these states can take place
during the interaction of light irradiation with Si samples. The below-band
gap absorptance occurs in amorphous or polycrystalline silicon. However, the
production of band tails of localized states within the gap is inevitable due to
structural disorder. [347 | 35]

The spectra shown in Figure |3.2] reveals light absorption at below-band
gap wavelengths (>1.1um), where crystalline silicon does not normally ab-
sorb, indicating that modifications on silicon’s microstructured surface could
be responsible for the improved optical response. In the following section, we
examine the effect of laser fluence on Si optical properties.

The effect of laser fluence

In this section, the effect of laser fluence on the optical response of the
laser-processed silicon structures fabricated under 500 Torr of SFy is studied.
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In particular, we measure the reflectance and transmittance and determine
the absorptance for flat and micro-patterned substrates with different surface
morphologies. All samples are made from Ph-doped Si (100) wafers.

The calculated absorptances for two micro-textured surfaces and a flat, un-
patterned surface are depicted in Figure [3.3] The increased absortance of the
laser-processed Si substrates is accompanied with a remarkably decreased re-
flectance and transmittance over the entire measured wavelength region. The
lowered transmittance and reflectance lead to a near-unity light absorptance
even for energies which correspond to the infrared region of light spectrum.

For structured silicon, the reflectance and the transmittance are less than
that for flat silicon. For the samples fabricated in a 500 Torr of SFy at-
mosphere, increased absorptance (>90%) is observed for all above-band gap
wavelengths. The absorptance for the below-band gap wavelengths increases
with increasing laser fluence. The value of the below-band gap absorptance
remains constant in the wavelength range (~1300-2500nm). Consequently, the
absorptance is greater for the patterned surfaces, and in particular, the taller
the structures are, the greater the absorptance is.
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Figure 3.3: Absorptance of laser-fabricated Si microstructures as a function of
the wavelength for different fluences
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3.3.2 Optical properties of nano-textured Si

The optical properties of crystalline Si are influenced upon laser processing
in water. In the wavelength range between 350nm and 1000nm, the absorp-
tance of silicon ripples is about 90%, while the absorptance of the nanorods is
about 95% (Figure . Upon laser nano-processing, silicon surface obtains
a velvet black color, providing a clear indication of the induced change in the
optical properties with respect to the original, grey surface. This change is,
certainly, correlated with the increased absorption in the visible spectral range.
The drop in the absorptance for crystalline silicon near 1100nm corresponds to
the band gap energy of crystalline silicon (1.07eV). This drop appears, also, in
the case of the nano-structured Si. Furthermore, increase in the absorptance
of the infra-red light is not observed.
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Figure 3.4: Absorptance of laser-fabricated Si nanostructures as a function of
the wavelength for different fluences

3.4 Discussion

There is an increased absorptance, close to 95%, observed in the visible
spectral range. The enhancement in light absorption of micro- and nano-
structured Si substrates can be attributed to the reflection reduction. [30] The
Si structures are on larger scale than the wavelength of the incident irradia-
tion, therefore, multiple reflections among the structures can take place and
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the light irradiation, as a result, is trapped. This can cause increase in light
absorption. This indicates that Si structures can enhance the absorptance of
visible light.

However, the induced increase in absorptance cannot depend, only, in mul-
tiple reflections concerning the micro-sized spikes. Reduced reflection in the
infrared would lead to increased transmittance in the infrared and not to in-
creased absorptance. Structural and/or chemical modifications in Si samples
may be responsible for the change in optical response in the infrared region of
light spectrum. [30]

Chemical changes are strongly related with the presence of foreign atoms
in the crystal lattice, which create absorbing states in the forbidden band gap.
The silicon wafers that we use for laser processing is n-doped, with phospho-
rous (group V) being the dopant. In general, highly-doped silicon can absorb
infrared irradiation. Although our wafers are doped, the concentration of the
impurities is not sufficient enough in order to induce such dramatic changes in
the infrared light absorption. This can be seen from the absorption spectrum
of the flat, unpatterned silicon. It is obvious, that the absorptance is close to
zero at the infrared region. However, structuring n-doped Si wafers can cause
diffusion and redistribution of dopants that could have formed an infrared ab-
sorbing layer. Though, the silicon microstructures are heavily sulfur-doped.
During the laser-assisted silicon processing, impurities from the ambient en-
vironment are incorporated into the structures. The sulfur atoms are, thus,
strong candidates for forming the infrared absorbing layer and introducing en-
ergy levels (donor levels) in silicon’s band gap. [30] The high concentration of
sulfur embedded in the spikes (on the order of 10%°/cm?) is expected to form
an energy band in the band gap. Then the absorption of photons with energies
below the band gap of ordinary Si is enabled, making it possible for infrared
light to promote electrons from these impurity states into the conduction band.

3.5 Applications

The high absorptance of micro-structured silicon in the visible and espe-
cially in the infrared spectral range could have potentially important techno-
logical applications. In photovoltaics technology, solar cells and photodetectors
are made, mainly, from silicon. Since silicon presents high reflectance across
the electromagnetic spectrum, additional treatments are necessary in order to
reduce the reflection of the silicon surface. Fabricating micro-structures on
a crystalline silicon surface is an efficient method to reduce light reflection,
since the laser-structured surface exhibits near-zero reflection over a broad
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wavelength range (~ 250-2500nm). If the increased light absorption leads to
the production of photocarriers, silicon spikes could be used to improve the
quantum efficiency of the existing photovoltaics.

Additionally, the near-unity light absorption of below-band gap radiation
could attract scientific interest. Infrared detection is of great importance to
many fields, such as telecommunications, remote sensing or space research. If
the absorptance of below-band gap radiation creates photocarriers for conduc-
tion, spiked silicon could fundamentally change infrared detection technology.
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Chapter 4

Wetting Properties of Laser
Structured Si

4.1 Introduction

Laser microstructuring of materials surfaces has attracted a lot of scientific
interest in a wide range of applications, such as micro-fluidics, biological scaf-
folds, self-cleaning surfaces and lab-on-chip devices. [30] [37, 48] This increasing
interest is attributed to the possibility of controlling the wetting properties of
the micro-engineered surfaces, and specifically inducing superhydrophilic and
superhydrophobic behavior. Superhydrophobic surfaces are provided by na-
ture. In particular, the lotus leaf exhibits water-repellent behavior, which is
ascribed to its complex morphology present on its surface, comprising hierar-
chical structuring at both the micrometer and nanometer length-scale. [49]
Due to its unique wetting properties, lotus leaf surface is considered as a model
superhydrophobic surface. Mimicking surface morphologies, which exist, in
abundance, in nature, has proven to be an efficient way of fabricating artificial
superhydrophobic surfaces. Therefore, simplified techniques of manufacturing
such complex surface topologies, providing reproducibility, are expedient.

Photolithography, templated electrochemical deposition, plasma treatments
and electron-beam lithography are different patterning approaches for fabri-
cating surfaces, in order to control their wetting properties. [40-43] However,
simple one-step production techniques, without the need of clean-room facil-
ities and high-vacuum equipment requirements, are more attractive. Laser
micro-structuring of solid materials in specific ambient environments concen-
trates the desired features. The produced Si surfaces consist of forests of con-
ical spikes exhibiting controlled dual-scale roughness at the micrometer and
nanometer scale. Silicon spikes obtain a characteristic size from a few to tens
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of um, decorated by protrusions in the scale of tens to a few hundreds of nm
on their walls. [44] This laser-based technique is applicable in a wide range of
materials, such as ceramics, polymers, or metals so as to tailor their surface
morphology, and thus control materials surface wettability. [45-47]

Different research groups have studied, thoroughly, the wetting proper-
ties of the laser structured Si surfaces coated, also, by various conformal lay-
ers. Mazur et al. have studied the wetting properties of laser structured Si
coated by fluoroalkylsilane molecules. [48]. Zorba et al. have managed to tune
the wetting response of Si, from initially hydrophilic to hydrophobic, through
femtosecond laser structuring, without any surface coating. [44] Spontaneous
motion of liquids was induced; it was possible to drive drops to ascend a struc-
tured Si surface, tilted at any angle by fabricating a proper texture gradient
on it.

In the present work, we study the wetting response of Si surfaces struc-
tured in a 500 Torr of SFg atmosphere and in water environment, using the
Ti:Sapphire femtosecond laser source (A=800nm, 7=200fs). In particular:

e Using femtosecond laser structuring we are able to fabricate Si based
surfaces exhibiting double-length scale roughness. Variable roughness at the
micrometer scale can be achieved by changing the laser pulse fluence in the
presence of a reactive gas and control over the wetting properties of Si is
obtained. Change in Si wettability is achieved upon laser processing in wa-
ter. The behavior of structured Si substrates can switch from hydrophilic to
hydrophobic without any additional surface coating. Static contact angle mea-
surements are performed by an automated tensiometer, using the sessile drop
method, in order to assess the wetting response of Si.

4.2 Fundamentals

4.2.1 Young’s Equation

A small liquid droplet deposited on a solid surface either forms a spherical
cap with a well-defined equilibrium contact angle 6 to the solid or it spreads
across the surface, forming a wetting film (Figure [4.1). The balance between
the surface tensions (7) at the three-phase contact line formed along the solid-
liquid, liquid-gas and solid-gas interfaces determines the shape of the drop.
The force balance leads to the Young equation:

’YZgCOSHO = Vsg — Vsl (41)
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where the subscripts (sg), (sl), and (lg) correspond to solid-gas, solid-liquid,
and liquid-gas interfaces respectively. Young contact angle (6,) is the angle at
which a liquid-gas interface meets the solid surface and for this, the energy of
the system reaches a local minimum. [49-51]
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Figure 4.1: A sessile liquid drop on (a) a hydrophilic and (b) a hydrophobic
surface

Depending on the value of the contact angle, a surface can be characterized
as hydrophilic (<90°) [Figure (a)] or hydrophobic (>90°) [Figure (b)].
The contact angle is, thus, a measure of the wetting behavior of a given surface.
Surface tension is a balance of the intermolecular forces at a surface and is
defined as the energy (W) needed to increase the surface area per increase in

surface area (A):
dW

dA

High interfacial surface energy for the liquid-solid results in a large con-
tact 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, typ-
ically the most hydrophobic flat solids can reach up to #~120°. An even more
hydrophobic surface can be obtained by structuring, which will enhance the
overall roughness and, thus, change the wetting behavior of the surface.

gl (4.2)

4.2.2 Wettability and surface roughness: Wenzel and
Cassie Baxter states

The surface roughness affects the wetting response of the surfaces. Two
different models, the Wenzel model and the Cassie Baxter model respectively,
approach in a theoretic level the effect of the induced surface roughness on the
wetting behavior of the structured surfaces.

In the Wenzel model, it is considered that the liquid completely pene-
trates the entire rough surface, without leaving any air pockets underneath it
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(Figure (a)). [52] The contact angle 6,,, is given by the following equation:

cost,, = rcosb, (4.3)

where 1 is the ratio of the unfolded surface to the apparent area of contact
angle under the droplet, and 6, is the contact angle on a flat surface of the
same nature as the rough (Young contact angle). Since r is always greater than
unity, this model predicts that the contact angle will decrease/ increase with
surface roughness for an initially hydrophilic (#<90°)/ hydrophobic (6>90°)
surface.

In contrast, in the Cassie and Baxter model it is assumed that the liquid
does not completely permeate the rough surface because air gets trapped un-
derneath it. [53] As a consequence, the liquid 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
this case, the apparent contact angle 6-p, 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:

cosbop = =1+ f + 1y fcosb, (4.4)

In the above expression, fcp is the Cassie-Baxter contact angle (equation
, f is the fraction of the projected solid surface that is wet by the liquid,
andry is the roughness ratio of the wet area. [53], [54]

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

cosbop = —1+ f(1 + cosb,) (4.5)

As f is always lower than unity, this model always predicts enhancement
of the hydrophobicity, independently of the value of the initial contact angle
0,. The lower the value of f, the higher the contact angle measured.

In contrast, when f=1 and r;=r, equation turns into the Wenzel equa-
tion.
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Figure 4.2: A liquid drop (a) in the Wenzel state and (b) in the Cassie-Baxter
state

4.3 Hydrophobic laser-structured Si surfaces

4.3.1 Wetting properties of micro-textured Si

An initially hydrophilic Si surface can become hydrophobic through fem-
tosecond laser microstructuring of Si wafers in a reactive gas atmosphere.
Structuring of Si results in the enhancement of its overall surface roughness.
Measurements of the static contact angles of 3ul distilled, deionized Millipore
water (18.2 M) drops deposited on a flat and a structured Si surface can show
the difference in the wetting behavior of Si surface in combination with the
change of surface roughness. An automated tensiometer is used to determine
the contact angle and is based on a collection of images of sessile drops. The
drop is formed from a capillary tip, and is gently detached from the tip onto
the silicon substrates.

Figure (a) and (b) depict the contact angles of a water drop on an
unstructured Si surface and on a laser textured Si surface, respectively. In the
first case, the value of the contact angle can achieve up to 6~65°, whereas, in
the case of the structured Si the value comes up to 6>140°.

The structured Si samples were fabricated using the Ti:Sapphire laser
source in the presence of reactive SFy. Prior to the contact angle measure-
ments, all the samples were immersed in a 10% HF aqueous solution, in order
to remove the oxide layer grown on the surface during the laser irradiation
process.

Morphology and static contact angle measurements

In this session, we investigate the wetting response of microstructured Si
samples in correlation with the different morphologies applied on them. Sil-
icon microstructures have been fabricated with superior control of structure
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Figure 4.3: Static contact angles of a 3ul nanopure water drop deposited on
(a) an unstructured Si surface and (b) a femtosecond laser microstructured Si
surface

geometry and pattern regularity through ultrafast laser processing. Each pro-
cessed Si surface is fabricated at different laser fluences and the patterned
areas comprise forests of conical microstructures (spikes) exhibiting structures
at the micro- and the nano- scale. As we have mentioned, variations of laser
fluence cause remarkable changes in the structures as to shape, dimension and
density. By increasing laser fluence, conical microstructuring is promoted on
the Si surface, with structures becoming more pronounced and spatially sep-
arated.

Besides directly affecting the micrometer-scale surface topology, increasing
fluence is also crucial to induce a more pronounced sub-micrometer decora-
tion on the spikes’ walls. The spikes’ height varies from one to ten microm-
eters, while the size of nano-protrusions ranges from tens to a few hundreds
of nanometers, providing a double length-scale pattern on the silicon surface.
The second length-scale pattern on the Si surface becomes more evident as
the laser fluence increases. The micrometer-scale features, together with the
nano-scale protrusions result into a significant increase of the overall rough-
ness. Pictures of the water droplets lying on the structured Si surfaces are
shown in Figure [4.4]

From Figure [4.4] we see that the contact angle of the microstructured
substrates increases with increasing laser fluence. This means that the wet-
ting properties of the patterned Si samples depend greatly on the structures
topology. The laser fluence dependence of silicon’s wettability is depicted in
Figure [4.5] The initial hydrophilic surface is converetd to a hydrophobic one
upon femtosecond laser microstructuring.

It is obvious that the laser-based Si structuring modifies the overall surface
morphology and roughness and, therefore, the wetting response of Si changes.
The wetting behavior of the structured Si follows the Cassie-Baxter model
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Figure 4.5: Laser fluence dependence of microstructured Si contact angles

which predicts enhancement of hydrophobicity with increasing surface rough-
ness ratio.

4.3.2 Wetting properties of nano-textured Si

In this subsection, we examine the wetting response of nanostructured Si
substrates formed by laser structuring in water environment. As we have men-
tioned, straight ripples and high density arrays of rods at nanometer-length
scale are formed on Si surface upon laser irradiation at low fluence regime.
In order to assess the wetability of the nano-patterned samples, contact an-
gle measurements are perfomed. Pictures of the water droplets lying on the
structured Si surfaces are shown in Figure

We observe that there is an increase in contact angle of Si upon laser nanos-
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Figure 4.6: Static contact angles of a 3ul nanopure water drop deposited on
(a) flat Si, (b) nano-rippled and (c¢) Si covered with nano-rods

tructuring. This means that the wetting behavior of Si depend on its surface
morphology. Furthermore, there is an enhancement of Si hydrophobicity with
increasing roughness ratio, which is consistent with the Cassie-Baxter model.

4.4 Discussion

Among the advantages of using laser processing for the formation of self-
organized surface features, is that it can be applied in a wide range of materials,
such as polymers, ceramics, or metals in order to control surface topology, and
thus open the way to controlling their wettability. Furthermore the possibility
of using these Si surfaces as masters for replication of the surface morphology
on different materials as has been shown in other studies, makes possible for
the combination of laser based techniques and standard replication processes
to lead to the manipulation of the wetting response of materials. [27] Materials
with tailored wetting response can find use in self cleaning, microfluidics, lab-
on-chip devices, chemical sensors, water-proof surfaces etc.

More specifically, in this chapter we have demonstrated the use of laser
structuring for tailoring the wetting response of Si surfaces. In particular we
have found that fs-laser irradiation may be employed to render Si hydrophobic
without any additional surface coating. The resulting structures consist of
double-lengthscale roughness, and we achieved an enhancement of the water
contact angle from 67° to greater than 150°.
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Chapter 5

Biological Applications of Laser
Structured Si

5.1 Introduction

Laser-structured micro and nano rough Si scaffolds with controllability of
roughness ratio and surface chemistry can serve as a novel means to elucidate
the 3D cell-biomaterials interactions in vivo. In this chapter, it is demonstrated
that the wettability of such artificial substrates can be preferentially tuned
from super-hydrophobic to super-hydrophilic through independently control-
ling roughness ratio and surface chemistry. The dependency of fibroblast cell
response on the artificial structures is systematically investigated and clarified
that a fundamental parameter that determines cell adhesion on 3D substrates
is not solely the degree of roughness or surface chemistry but the synergy of
both, which determines the wettability or surface energy of the culture sub-
strate.

As it was mentioned, the ability of biomaterial surfaces to regulate cell
behavior requires control over surface chemistry and microstructure. One of
the greatest targets with silicon-based biomaterials is to improve biocompati-
bility and tissue integration. This may be achieved by modifying the exposed
silicon surface with bioactive peptides (Arg-Gly-Asp) The effect of such bio-
functionalized surfaces on fibroblast cell adhesion ad proliferation should be
investigated. In this work, we examine the covalent attachment of amyloid
peptides on the laser-structured Si substrates. A further step should be the
conjugation of bioactive peptides on the silicon microstructures.
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5.2 Fibroblast cell response of laser-structured
Si

5.2.1 Introduction

The main target of artificial cell culture scaffold design is to mimic the
natural extracellular environment features, in a way that cells can function as
if they in vivo. In this respect, designing surfaces for controlling cell-material
interactions is a considerably interesting subject, highly significant in the de-
velopment and eventual success of implantable medical devices and engineered
tissues. [74-76] Using different approaches, various materials have been sur-
face engineered in order to guide cell adhesion and modulate cell-biomaterial
interactions [(7H79)], indicating that cell growth, division and migration are
highly dependent on their immediate culture substrate. Hence, surface chem-
istry [80, 8], wettability [82],[83] and roughness [75, 84] are found to be three
of the most important factors influencing biological reactions at biomaterial
surfaces. [85]

There is, however, increasing evidence indicating that cell-surface inter-
actions occur at multiple length scales.  [79] Indeed, in the context of a
natural environment, the cells included in a tissue are surrounded by a three-
dimensional (3D) dynamic extracellular matrix (ECM), which provides in-
structive cues at meso- micro- and nanoscales necessary to maintain cell pheno-
type and behavior. Therefore, in order to reach the level of ECM complexity,
biomedical substrates must interlace hierarchically organized multiple-scale
structures. Due to such demanding design requirements, cell response on sub-
micrometer as well as micrometer scale rough substrates, has not yet been
systematically studied. Thus, the production of surface engineering schemes
enabling controlled and reproducible structuring of biomaterials at both micro-
and nano- scales, is required. [86]

Furthermore it should be outlined that cells are inherently sensitive to vari-
ations of surface chemistry. [79] Consequently,there is the question of whether
cell behavior, related to viability, proliferation, motility, adhesion, morphol-
ogy, cytoskeletal arrangement and gene expression, is influenced by the to-
pographical features and/or the surface chemistry of a scaffold, parameters
that determine the surface tension and wettability. [87] In order to overcome
such controversies, it is crucial to find pathways to discriminate among the
different effects. In this respect, the ability (a) to control the surface chem-
istry, while keeping the same micro/nano morphology or vice versa and (b)
to tune surface wettability from super-hydrophobicity to super-hydrophilicity
are highly important tools allowing successful attachment of fully functional
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cells to biomedical surfaces.

The results of this work demonstrate the ability to tune cell adhesion us-
ing biomimetic artificial substrates in a 3D-design, comprising hierarchical
micro- and nanostructures produced by ultrafast laser patterning of silicon
(Si). Tailoring of the structures morphological features can be advantageously
achieved by varying certain fabrication parameters. This capability allows
one to control the wetting properties and thus, surface tension of the Si sub-
strates. Further control over wettability can be achieved by altering the surface
chemistry through coating the structures with various conformal layers, while
keeping the same morphology. As a consequence, it is possible to preferentially
tune the wettability of the artificial substrates from super-hydrophobicity to
super-hydrophilicity through a proper combination of surface topography and
chemistry.

Conclusively, it is demonstrated that the patterned Si substrates can be
potentially used as model scaffolds for the systematic exploration of the role
of 3D micro/nano morphology and/ or surface energy on cell adhesion and
growth. The different structures obtained by this method can be transferred
to various types of polymeric materials as well through replication molding
techniques. [88] The simplicity of the structuring process and the flexibility
of fast patterning by laser beam scanning, together with its potential to tailor
the wettability of different classes of materials, are certainly useful for creating
patterned interfaces on biomaterials devices.

5.2.2 Materials and methods

Micro and nanostructure fabrication

The fabrication of the silicon micro/nanostructures is based on ultrafast
laser structuring as described in the second chapter. The structured Si surfaces
comprise forests of conical spikes exhibiting controlled dual-scale roughness at
both the micro- and the nano- scale. Variable roughness could be achieved by
changing the laser pulse fluence.

In order to alter the surface chemistry, freshly prepared patterned surfaces
are covered with either a thermally grown, hydrophilic oxide layer or with a hy-
drophobic silane coating through vapor adsorption from solution. Both layers
are known to form high quality conformal coatings on Si surfaces. For oxida-
tion, the samples are placed in a box furnace and heated at 1000 °C for 30min
in air. For silanization, the samples are placed in a flask containing 0.5ml of
dichlorodimethylsilane (DMDCS) reagent, where hydrophobic DMDCS mono-

layers are deposited on their surface via adsorption reactions. The silanization
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process employed is similar to that reported in the literature. [89).

Cell cultures

Prior to cell culture the structured surfaces are sterilized and then trans-
ferred onto sterile 6 well plates (Sarstedt; Numbrecht, Germany).

The NIH/3T3 cells are suspended to a concentration of 10° cells/ml in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), and 1% antibiotic solution (GIBCO, Invitrogen, Kalsruhe,
Germany) and 3ml of cell suspension is added in the 6 well plate and cultured
at 37°C , for 72h in an atmosphere of 5% CO,. Before seeding the cells
on the different surfaces, cells are grown to confluency, detached with 0.05%
trypsin/EDTA (GIBCO, Invitrogen, Kalsruhe, Germany) and diluted in com-
plete medium at an appropriate density. All experiments are done in triplicates
to ensure reproducibility and obtain better statistics.

Cell viability assay

In order to assess cell viability, the Live-Dead Cell Staining Kit (BioVi-
sion) is used. The kit utilizes Live-Dye, a cell-permeable green fluorescent dye
(Ex/Em = 488/518 nm), to stain live cells. Dead cells can be easily stained
by propidium iodide (PI), a cell non-permeable red fluorescent dye (Ex/Em
= 488/615). At the end of the incubation time (72h), structured surfaces
with the cells are covered with the staining solution and incubated for 15min
at 37°C . Cells are observed immediately under a fluorescence microscope.
Stained live and dead cells can be visualized by fluorescence microscopy using
a band-pass filter (detects FITC and rhodamine). Healthy cells stain only with
the cell-permeable Live- Dye, fluorescing green. Dead cells can stain with both
the cell-permeable Live-Dye and the cell non-permeable PI (red), the overlay
of green and red appears to be yellow-red. The experiments are done in trip-
licates and for each surface the mean number of live cells is calculated.

Laser scanning confocal microscopy

For the double staining of F-actin and Vinculin the focal adhesion stain-
ing kit (Chemicon International Inc., Temecula, CA, USA) is used. The cells
are fixed with 4% paraformaldehyde for 15min and permeabilized with 0.1%
Triton X-100 (Merck KGaA, Darmstadt,Germany) in PBS for 3-5min on ice.
The non-specific binding sites are blocked with 1% BSA in PBS for 30min.
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Actin and focal adhesion complexes are stained by incubating cells in diluted
primary antibody (anti-vinculin) in blocking solution (1:200) for 1h and subse-
quently labelling them with diluted secondary antibody (1:200) (mouse-anti-
mouse FITC conjugate) (Sigma- Aldrich Chemie GmbH, Munich, Germany)
for 45min, with simultaneous incubation with diluted tetramethyl rhodamine
isothiocyanate- conjugated phalloidin. The samples are then washed with PBS
and stored in 10% glycerol in PBS in dark. Confocal microscopy is performed
using a Zeiss AxiosKop 2 plus’ laser scanning confocal microscope.

Scanning electron microscopy

The morphologies of NIH/3T3 fibroblasts seeded on patterned surfaces or
on flat silicon wafer are observed by SEM. After incubation, cells are washed
with 0.1M of sodium cacodylate buffer (SCB) and then incubated with the
SCB for 15min. This step is repeated twice and followed by the fixation of
the cells using a fixative buffer (2% glutaraldehyde, 2% formaldehyde in 1%
SCB) for 1h at 4°C . Subsequently, the surfaces are washed twice (from 15min
each time) with 1% SCB at 4°C . After that, cells are dehydrated through
a graded ethanol series (from 10% to 100%) and incubated for 15min on dry
100% ethanol. Prior to electron microscopy examination the samples are sput-
ter coated with a 10nm gold layer. SEM is performed on a JEOL 7000 field
emission scanning electron microscope with an acceleration voltage of 10 kV.

Statistical analysis

Student’s t-test is used to compare the significance levels (p <0.001) be-
tween control and test values.

5.2.3 Results
Surface topography and wettability

The manufactured substrates, which possess a 3D-design, are produced by
simultaneous structuring at both micrometer and nanometer length scales. As
shown in the SEM micrographs of patterned Si surfaces produced at different
incident laser energies per umit area (fluences, Figure [.1fa) and (b)), the
treated areas comprise forests of conical microstructures (spikes) exhibiting
structures at the micro- and nano- scale. Variation of laser fluence caused re-
markable changes in the structures as to ratio, dimension and density. Besides
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directly affecting the micrometer-scale surface topology, increasing fluence is
also crucial to induce a more pronounced sub-micrometer decoration on the
spikes’ walls. In particular, the spikes’ height varied from one to ten microm-
eters, while the size of nano-protrusions ranged from tens to a few hundreds
of nanometers, providing a double length-scale pattern on the silicon surface
(Figure (b)). The micrometer-scale features, together with the nanoscale
protrusions result into a significant increase of the overall roughness. Conse-
quently, these etched substrates should allow more 3D free space perpendicular
to the culture plane and should also provide physical cues to facilitate cell ad-
hesion and spreading.

In this study, three series of substrates are tested: Type A corresponds

Figure 5.1: (a) Picture of a polished Si wafer (i) and side SEM views of the
as-prepared Si spikes surfaces structured at four different laser fluences (ii)
0.34 J/em? (A1), (iii) 0.56 J/ em? (A2), (iv) 0.90 J/em? (A3), and (v) 1.69
Jem? (A4); (b) high magnification SEM images of the corresponding Si cones
obtained; (c¢) photographs of water droplets on the patterned Si surfaces; and
(d) confocal laser microscopy pictures of fibroblast cells cultured for three days
on the respective surfaces.

to the, as-prepared, patterned Si surfaces comprising four samples with gra-
dient roughness ratios, denoted as A1-A4; Type B corresponds to the same
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substrates coated with a hydrophilic thermally grown oxide layer (B1-B4); (c)
Type C corresponds to the same substrates coated by a hydrophobic silane
layer. Types A and C samples show the same qualitative results and will be
considered as equivalent cases thereafter. In all series, the corresponding flat
surfaces are tested as control samples. The principal properties of the above
substrate types are summarized in Figure [5.2

Images of water droplets lying on flat and as-prepared micro-structured

Sample Flat 5i Oucidized Flat Si Al Bl A2 B2 Al B3 A B4
Laser fluence (Jfem?) - - 0.34) 0.34 056 056 0.90 0.90 1.69 1.69
Roughness ratio 0 0 26 26 33 13 6.0 6.0 69 6.9
Wetting angle (*) 67 25 105 20 121 20 152 0 154 0

Figure 5.2: General properties of the different samples used for this study.
Series A denote as-prepared patterned Si surfaces and series B denote the
patterned surfaces after thermal oxidation treatment.

Si surfaces are shown in Figure (c). The corresponding dependence of
the wetting angle (WA) on the laser fluence and roughness ratio attained is
plotted in Figure (a). It is evident that the laser-assisted texturing of Si
induces a remarkable increase in its hydrophobicity which is more pronounced
at high fluences.

Cell spreading and viability

In order to investigate whether these surfaces are able to modulate cel-
lular responses, cell adhesion experiments are performed using the fibroblast
NIH/3T3 cell line. Optical and SEM photomicrographs of NIH/3T3 fibrob-
lasts, seeded on patterned surfaces, show that both the cell concentration and
shape are different depending on the culture substrate (Figure (d) and Fig-
ure respectively). The number of attached cells per unit area decreases as
the roughness ratio and WA increase, denoting that cell attachment is favored
on more hydrophilic surfaces. Concurrently, cell morphology changes from a
well spread polygonal phenotype on smoother surfaces to a round-shaped phe-
notype on highly rough super-hydrophobic substrates and a smaller cell size,
indicative of poor adhesion. Additionally, the SEM micrographs of Figure
show that in super-hydrophobic substrates, cells appear to accumulate and
form multi-layers, probably due to limited opportunity for sufficient traction
and stretch out in order to minimize unfavorable contacts with the substrate.
This layer of elongated cells could serve as a basal structure for other cells
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Figure 5.3: (a) Relation between the laser fluence and surface wettability for
the series A patterned Si substrates; the corresponding roughness ratio for each
sample is also indicated; (b) cell density after 72h incubation as a function of
the surface wettability for the flat Si and structured surfaces of series A. All
experiments are done on triplicates and the cell density values plotted are the
calculated mean values. The lines serve as a guide for the eye.

to populate that region, resulting in the formation of cell multi-layers (Figure
(f)). The extent of cell spreading on a material provides a visual qualita-
tive indicator of the strength of the cell-surface interaction. [87] Polygonal
cell spreading implies extensive interaction between the surface and the cells,
whereas weak cell-surface interaction results in cell clustering. [87]

Cell viability of the attached cells on the different surfaces is assessed us-
ing the live-dead kit (Figure . This staining protocol facilitates counting
the number of live (depicted as green) and dead cells (depicted as red/yellow)
per unit area. According to this test cell cultures on hydrophilic surfaces (A1)
represent a very low percentage of dead cells, equal to 2%. This percentage
seems to increase proportional to the roughness ratio, namely on surfaces A2
and A4 the particular percentages are 17% and 42%, respectively. The corre-
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Figure 5.4: SEM micrographs of NIH/3T3 cells cultured on flat (a) and Al
(a and d), A2 (b and e), A4 (c and f) patterned Si substrates with low, mid
and high roughness ratio respectively. The corresponding roughness ratios are
also shown. The dashed lines indicate the border between flat and patterned
regions.

sponding dependence of the live cell density on the laser fluence and surface
wettability is presented in Figure (b) and Figure respectively. It is
obvious that the induction of roughness facilitates cell spreading up to an op-
timum roughness ratio. On the contrary, cell spreading is inhibited on highly
rough and super-hydrophobic substrates.

Furthermore, hydrophobization of substrates using a hydrophobic silane

Figure 5.5: Fluorescence microscopy images of live (green) and dead (yellow-
red) cells cultured on Al (a), A2 (b) and A4 (c) patterned Si substrates.
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Figure 5.6: Cell density of fibroblasts on flat and oxidized Si, the as-prepared
(series A) and oxidized (series B) patterned Si surfaces after 72h incubation.
All experiments are done on triplicates and the cell density values shown are
the calculated mean values.

coating, fails to reverse the inhibition of cell spreading. In order to further
characterize the principal surface property determining cell response, the wet-
tability of the substrates can be modified by coating the structures with a
hydrophilic oxide layer. As a result, all the structured surfaces are converted
to super-hydrophilic, without altering their initial morphology (Figure
(a)). In this case, a remarkable change in cell behavior is obtained, since they
spread well in the highly rough oxidized surfaces, B3 and B4 (Figure (b)).
Similar results are obtained by culturing HeLa cells on the above mentioned
surfaces (data not shown).

Following the corresponding evolution of cell densities for the hydropho-
bic and hydrophilic surface chemistries (Figure and Figure , it can
be argued that the cell response is not solely dependent on surface morphol-
ogy or surface chemistry, but on their combination, which represents surface
energy. Thus, fibroblasts preferentially adhere to high surface energy or hy-
drophilic substrates. The ability to tune the surface energy of the patterned
Si substrates, by changing either the total roughness or chemistry, could allow
advantageous manipulation of the cell behavior and vice versa.

Cell adhesion

Once fibroblasts detect their target location using the filopodia on their
leading edge, the formation of lamellipodia facilitates the cell movement to
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Figure 5.7: Tmages of water droplets placed on: (a) the roughest patterned
Si surface (A4) and (b) on the same surface coated with a hydrophilic silicon
oxide layer (B4). The corresponding confocal microscopy pictures of fibroblast
cells cultured for three days on these surfaces are also shown. After thermal
oxidation, the super-hydrophobic substrate becomes super-hydrophilic. As a
direct consequence, the culture substrate switches from fibroblast-phobic to
fibroblast-philic.

the desired site. [93] While a lot of studies have reported that cells are sensi-
tive to micro/nanoscale topography [90} O1], it is generally accepted that cells
use filopodia for spatial sensing in their movement and spread on structured
surfaces. Thus, the ability of fibroblast cells to recognize and adhere to the
different surfaces described here is, also, examined.

Confocal microscopy analysis, following actin distribution in the cells grow-
ing on the different structured surfaces, clearly shows morphological changes
in the various cases tested here (Figure . Thus, fibroblast cells growing on
more hydrophobic surfaces are mostly rounded (Figure (g) and (i)), while
a significantly larger number of cells growing on that surface (Figure (c)
and (e)) as well as on flat control (Figure (a)) produce lamellae. In all
cases the actin filaments are located at the cell periphery. The high magnifi-
cation SEM images confirm the differences in lamellipodium formation, also
showing that cells on less hydrophobic structured areas are polarized with ar-
eas of dense filopodia extension (Figure (d) and (f)). Some of these cells
are showing a kind of flattening, but reduced size as compared to cells growing
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Figure 5.8: Relation between cell adhesion and surface wettability for the flat
and patterned Si surfaces of series A and series B. All experiments are done on
triplicates and the cell density values plotted are the calculated mean values.
The lines serve as a guide for the eye.

on the flat controls (Figure (b)). These processes are spread in multiple
planes perpendicular to the patterned area, suggesting a 3D cell proliferation
mode (Figure (d) and (f)). On the contrary, cells growing on the super-
hydrophobic surfaces seem to be smaller, with decreased number of filopodia
extensions. This type of morphology could therefore be used to assess the
quality of cell-surface interactions. Furthermore, the numeral processes devel-
oped between cells should facilitate cell-cell interaction and communication.

In order to evaluate the ability of fibroblasts to adhere on 3D structured
surfaces, the expression of vinculin protein is examined. The membrane ex-
pression of vinculin, which is a member of focal adhesions molecules, indicates
the existence of strong cell-substrate adhesion. As shown in Figure [5.10] vin-
culin is expressed in fibroblasts cultured on A1 surfaces (Figure [5.10](a)) and
co-localized with actin at the edges of filopodias (Figure [5.10| (c¢)). Similar
results are obtained after double staining of cells cultured on the highest rough-
ness ratio oxidized substrates (B4). On the other hand the weak cell-substrate
adhesion on super-hydrophobic surfaces is evidenced by the low vinculin ex-
pression (A4; Figure (d)).
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Figure 5.9: Fluorescent microscopy images of fibroblasts, showing actin cy-
toskeletal networks on flat silicon surface (a) and on patterned surfaces (c, e,
g, and i). The corresponding SEM micrographs of fibroblast cell adhering to
flat (b) and to patterned surfaces (d, f, h, and j) are also shown; (c and d: Al
surfaces; e and f: A2 surfaces; g and h A3 surfaces; 1 and j: A4 surfaces).

5.2.4 Discussion

The fibroblast cell response on the three-dimensional silicon-engineered sur-
faces can be simply explained. The physical behavior of hydrolyzed living cells
may be regarded as a drop of liquid. The adhesion of this cell liquid can be
affected by the surface wettability due to the increased or decreased contact
area, which is proportional to the solid-liquid interfacial adhesive force. Alter-
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Figure 5.10: Confocal images showing the distribution of actin (red) and vin-
culin (green) in fibroblasts cultured for 3 days: (a-c) on the low-rough pat-
terned surface (A1), (d-f) on the highly-rough patterned surface (A4). Double
stained images are also shown.

natively, a living cell can be described by tensegrity models [92] which consider
that cellular shape and adhesion are largely influenced by the cytoskeleton; the
cell tends to form focal adhesions in locations that balance cytoskeletal forces.
In this respect surface wettability is crucial as it describes to what extend the
surface is exposed to culture medium and subsequent protein adsorption. A
reduction in adhesive protein adsorption due to a decreased liquid-surface in-
terfacial area may detrimentally affect the ability of cells to form adhesions. In
any case, the surface energy influences the contact area of the cell membrane
with the substrate, while the profile of membrane could change depending on
the wettability of the adjacent solid.

Following the results presented in Figure (a), it is obvious that the wet-
ting angle values measured for the structured substrates are consistent with
the Cassie-Baxter model because, in contrast to the Wenzel model, it predicts
a rise in the WA upon enhancement of the roughness of an initially hydrophilic
(0>90°) surface. Hence, for the super-hydrophobic substrates, where the solid-
liquid contact area is minimal, water cannot penetrate the roughness elements
and therefore an intervening air layer persists.

This air layer is visible at non-zero reflection angles and is responsible for
the silvery underwater reflections from aquatic species. Indeed, as shown in
Figure [5.11], when a water repellent spike-substrate is immersed in water or
cell culture liquid, it glistens with a silvery sheen, indicating that a sheathing
film of air remains on the submerged surface. Conversely, for more hydrophilic
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substrates, the fraction of the wetted area increases and the surface glistening
disappears, as a result of increasing liquid penetration. Finally for super-
hydrophilic substrates, the contact area is maximized and water completely
penetrates the roughness elements. Therefore, taking into account that cell
culture medium is aqueous, the interaction of cell membrane with the under-
lying substrate may be governed by the degree of surface wettability and thus
surface energy.

Fibroblast spreading is promoted on hydrophilic or high surface energy
rough substrates due to the permeation of the culture liquid in the structures,
allowing cells to take advantage of the high surface-area-to-volume ratio offered
by the structured substrates. On the contrary, fibroblast adhesion is almost
impossible on ultra-hydrophobic or low surface energy rough substrates, as the
penetration of the culture liquid on the structures is inhibited.

Figure 5.11: Pictures of the as-prepared super-hydrophobic (sample Al, on
the left) and oxidized super-hydrophilic (sample B4, on the right) patterned
regions immersed in water (a) and cell culture medium (b) respectively. The
silvery shine is visible only on the super-hydrophobic patterned region of the
A1 sample while it is absent on flat regions and the less hydrophobic patterned
area of the B4 sample.
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5.3 Functionalization of laser microstructured
Si

5.3.1 Introduction

The covalent attachment of small organic molecules and larger functional
biomolecules such as DNA, enzymes or other proteins on semiconducting ma-
terials is a new field of basic and applied research with an interdisciplinary
interest. The ultimate goal of this research effort is the formation of or-
ganic/inorganic heterostructures which can provide a direct link between biol-
ogy and semiconductor technology on both micrometer and nanometer length-
scale. Hybrid structures, such as heterointerfaces between organic and inor-
ganic materials, have attracted the attention of basic and applied sciences due
to their potential applications in the field of bio-nanoelectronics and tissue
engineering. The perspective is that the organic/inorganic heterostructures
will be able to perform specific biological functions better than either purely
organic or purely inorganic structures. [73]

On the organic side, small organic molecules, specific biomolecules and
bioentities (i.e. peptides) and living cells could be of great interest for such hy-
brid structures. On the inorganic side, metals, semiconductors and insulators
could be possible candidates. However, because of their potential advantages
and their technological maturity, semiconductors as functional biomaterials
have been developed into a very active field at the interface between physics,
chemistry and biology. Therefore, silicon, as the workhorse of semiconductor
materials, has received most of the attention among all semiconductors in the
field of biointerfacing. Apart from the advanced use of the MOSFET tech-
nology in Ion Sensitive Field Effect Transistors (ISFETSs) for interfacing with
neuronal networks for example, silicon has also been used as a substrate for
the covalent, chemical attachment of small organic molecules.

Ideally, the biomolecules are covalently immobilized on the clean surface
of the substrate via suitable linker molecules. The main role of the linker
molecules is to provide a high density of docking sites for the specific attach-
ment of biomolecules and at the same time, to maintain a sufficiently low
density of electronic defects on the semiconductor surface. Otherwise, this
would have a negative impact on the electronic properties of the heterostruc-
ture. Such heterojunctions should maintain both their biological and electronic
functionality. [73]

A variety of functionalization techniques have been developed for render-
ing the interface of semiconducting surfaces to biological systems more stable
and biocompatible. Most of these approaches make use of the formation of
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self-assembled organic monolayers (SAMs) or multilayers on clean surfaces.
An approach for the functionalization of silicon and also other semiconduc-
tors still covered with a certain fraction of native oxides is the silanization
scheme, which is widely employed for the functionalization of glass, quartz
substrates, and for Si/SiO,-MOSFET devices. In this case, the semiconduc-
tor surface is treated in a specific way to optimize the surface coverage with
hydroxyl (-OH) groups. Subsequently, the OH-terminated surface is exposed
to alkoxysilanes such as APTES (3-aminopropyl- triethoxysilane) under condi-
tions optimized for the formation of a dense, self-assembled APTES monolayer
covalently bonded to the Si surface oxide by Si-O-Si bridges. Finally, small
biomolecules can be attached to the functional end groups of the APTES ter-
minated surface.

In this section, the functionalization of microstructured sillicon exhibiting
surface roughness both at the micrometer and nanometer length-scale is ex-
amined. The silicon microstructures are laser-fabricated under reactive gas
atmosphere. Next, the silicon samples, possessing conical structures on their
surfaces, are subjected to the appropriate chemical treatment, which includes
surface oxidation, APTES-silanization and gold coating. After the chemical
modification, the last step is the covalent attachment of fibrous peptides on
the activated Si surfaces. In the first part of this chapter, we discuss about
the formation of self-assembled monolayers (SAMs) on solid surfaces and, in
particular, the formation of APTES monolayers. Furthermore, we see some
useful details about the fibrous peptides. Finally, the covalent attachment of
such fibrous peptides on the Si microstructures is investigated.

5.3.2 Self-assembled monolayers (SAMs)

A self-assembled monolayer (SAM) is an organized layer of amphiphilic
molecules in which one end of the molecule, the head group shows a special
affinity for a substrate. SAMs also consist of a tail with a functional group at
the terminal end as seen in Figure SAMs are created by the chemisorp-
tion of hydrophilic head groups onto a substrate from either the vapor or
liquid phase followed by a slow two-dimensional organization of hydrophobic
tail groups. Initially, adsorbate molecules form either a disordered mass of
molecules or form a lying down phase, and over a period of hours, begin to
form crystalline or semi-crystalline structures on the substrate surface. The
hydrophilic head groups assemble together on the substrate, while the hy-
drophobic tail groups assemble far from the substrate. Areas of close-packed
molecules nucleate and grow until the surface of the substrate is covered in a
single monolayer. Adsorbate molecules adsorb readily because they lower the
surface energy of the substrate and are stable due to the strong chemisorption

60



of the head groups. [68]
The selection of the type of head group depends on the application of the

Functional graup

Head group L | \
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Figure 5.12: Schematic of self-assembled monolayer.

SAM. Typically, head groups are connected to an alkyl chain in which the ter-
minal end can be functionalized (i.e. adding -OH, -NHj3, or -COOH groups)
to vary the wetting and interfacial properties. An appropriate substrate is
chosen to react with the head group. Substrates can be planar surfaces or
roughened surfaces. The nature in which the tail groups organize themselves
into a straight ordered monolayer is dependent on the inter-molecular attrac-
tion, or Van der Waals forces, between the alkyl and tail groups. To minimize
the free energy of the organic layer the molecules adopt conformations that
allow high degree of Van der Waals forces with some hydrogen bonding. . [6§]

SAMs are an inexpensive and versatile surface coating for applications in-
cluding control of wetting and adhesion, chemical resistance, biocompatibility,
sensitization and molecular recognition for sensors. Areas of application for
SAMs include biology, electrochemistry and electronics, nanoelectromechan-
ical systems (NEMS) and microelectromechanical systems (MEMS), and ev-
eryday household goods. SAMs can serve as models for studying membrane
properties of cells and organelles and cell attachment on surfaces. SAMs can
also be used to modify the surface properties of electrodes for electrochem-
istry, general electronics, and various NEMS and MEMS. Another application
of SAMs is the functionalization of biosensors. The tail groups can be modified
so they have an affinity for cells, proteins, or molecules. The SAM can then
be placed onto a biosensor so that binding of these molecules can be detected.

Significant attention has been drawn towards the modification of materials
surface by forming such ordered monomolecular organic films. One effective
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way to form such thin films is by the simple immersion of the materials sub-
strates into a solution containing functional organic molecules. These organic
films are known as self-assembled monolayers (SAMs) and they are formed
spontaneously. The most attractive feature of SAMs is molecular level con-
trol over the modification of surfaces, and the incorporation of multiple or
multilayer molecular components onto the monolayer leads to a wide range of
functional properties.The most commonly employed examples are alkylsilox-
ane monolayers, fatty acids on oxide monolayers and alkanethiolate monolay-
ers. [50, [56]

In particular, SAMs formation provides a means of surface functionaliza-
tion by organic molecules containing suitable functional groups like -SH, -CN,
-COOH, -NH, and silanes on metallic (Au, Cu) as well as semiconducting
surfaces (Si, GaAs). [57] This means that SAMs can be prepared using differ-
ent types of functional molecules and different substrates. The first types of
strongly bound chemisorbed monolayers using silane compounds were reported
by Sagiv, where glass or oxidized silicon surfaces were coated with active silanol
groups. Nowadays, research interest is directed towards the implementation
of SAMs with terminal amine groups which have the capability of attaching
larger molecules, and in particular biomolecules, such as enzymes, proteins,
DNA, etc. [58-60] The terminal functionalities of the organic molecules bound
on the substrates affect the wetting behavior (hydrophobicity/hydophilicity)
of the underlying surfaces.

Next, the self-assembly of silane molecules onto materials surface is dis-
cussed. Aminosilanes such as (3-Aminopropyl)-triethoxysilane (APTES) are
widely used, especially, for biological applications and, thus, more emphasis is
given to this type of silane.

Silane self-assembled monolayers

Silane is a chemical compound with the chemical formula SiH4. It is the
silicon analogue of methane. More generally, silane is any silicon analogue of
an alkane hydrocarbon. Silanes consist of a chain of silicon atoms covalently
bonded to each other and to hydrogen atoms. They tend to be less stable than
their carbon analogues because the Si-Si bond has a strength slightly slower
than the C-C bond. Furthermore, oxygen decomposes silanes easily, as the
silicon-oxygen bond is thermodynamically more favored than the Si-Si bond.
Another property of silanes is that they can incorporate the same functional
groups (-OH, -NHs, etc.) as alkanes, i.e. -OH in order to make a silanol (a hy-
drogen atom is removed and a hydroxyl substituent binds diretly to the silane
chain). Silanols are similar to alcohols just as silanes are similar to alkanes,
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and they are, mainly, synthesized by hydrolysis of aminosilanes.

Silanization is the covering of a solid surface with silane-like molecules.
Mica, glass and metal oxides can all be silanized, as they contain hydroxyl
groups which attack and displace the alkoxyl groups on the silane, and thus
forming a covalent Si-O-Si bond (siloxane bond). In silanization processes,
more complex silane molecules are used. The hydrogen atoms can be repalced
from alkoxyl groups and the alkoxysilanes are obtained. In chemistry, an
alkoxyl group is an alkyl group (carbon and hydrogen chain) linked to oxygen,
thus R-O. The range of alkoxyl groups is great, the simplest being methoxy
with chemical formula, -OCHj3 (the ethoxy group is the -OCH,CH3). The goal
of silanization is to form bonds across the interface between mineral compo-
nents and organic components. The organofunctional alkoxysilanes are clas-
sified according to their organic functions. The organic function can be a
primary or secondary amine which corresponds to aminosilanes (APTES, Fig-
ure [5.13)) or it can be an epoxide corresponding to glycidoxysilanes (GPMES)
or it can be a thiol which corresponds to mercaptosilanes.(MPTS, MPDMS)

A very important and interesting goal of the silanization of solid substrates

OCH, CHy
!

H,CH,CO-~ § -CH,CH,CH,-NH,

OCH,CHy
Figure 5.13: The APTES molecule.

is the covalent attachment of biomolecules (proteins, DNA) onto their surfaces.
The biological functionalization of the surfaces can be achieved by depositing
and coating the surface with silane containing an amino-group. Once the
amine groups are available, as this method provides high density of them on
the deposited surfaces, numerous cross-linking agents can be used to further
promote immobilization of biomolecules.

APTES self-assembled monolayers

3-Aminopropyltriethoxysilane (APTES) is one of the most frequently used
organosilane agents for the preparation of amino-terminated films on silicon
substrates. A general consensus regarding the APTES film formation is that
silanization begins with the hydrolysis of ethoxy groups in APTES, a process
catalyzed by water, leading to the formation of silanols. APTES silanols then
condense with surface silanols (surface hydroxyl groups) or with other silanol
groups on neighboring silanes forming a monolayer of APTES via a lateral
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siloxane network in which amino groups are oriented away from the underly-
ing silicon surface. Many experimental results, however, have suggested that
this is an oversimplified description of the idealized reaction and the actual
process is far more complex and sensitive to reaction conditions. [61] The ideal
silanization process for all reaction stages is sketched in Figure . [67]
The complexity of the APTES silanization reaction mainly stems from
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Figure 5.14: Schematic of APTES silanization process.

the presence of a reactive amino group in APTES and its inherent propensity
to enter into competing reactions. The amino groups in adsorbed APTES
interact with silanols present on the silicon surface and/or in the adjacent hy-
drolyzed APTES via hydrogen bonding or electrostatic interactions. [62] [63]
This considerably reduces the number of available silanol groups on both the
silicon surface and the APTES for further siloxane condensation. In addition,
polymerization of APTES gives rise to the formation of multiple APTES layers
whose structures and reactivity are likely different from those of an APTES
monolayer.

In general, the structure and properties of the silane layer on a solid surface
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depends on the functionality attached to the silane, but also on the method
used to apply the silane to the surface. The ideal case would be to form
a monolayer of coupling agent to the surface where all silanol groups have
reacted either with surface hydroxyl groups or silanol groups on neighbor-
ing silanes.These are significant issues when preparing APTES films since the
availability and the reactivity of surface amino groups are crucial to many
applications including the construction of silicon-based biomedical microde-
vices. [64]

APTES films on silicon substrates can be characterized by multiple ana-
lytical techniques including X-ray photoelectron spectroscopy (XPS), Fourier
Transform infrared spectroscopy (FTIR), ellipsometry and contact angle mea-
surements. Ellipsometric measurements and FTIR spectra provide valuable
information about the structure and thickness of the formed APTES films.
Contact angle data give indications about their wettability. In addition, the
reactivity of the the amine groups on APTES films can be estimated by fluo-
rescence measurements. In general, the properties of the APTES films depend
strongly on the preparation conditions such as the deposition time and the
choice of reaction solutions due to differences in the APTES adsorption pro-
cess and film growth mechanisms. [65]

In our study, a contact angle analysis is used as it provides a quick and
simple means of assessing the reactivity of the surface and allows for gen-
eral comparisons providing a qualitative test. Changes in surface topology
influences the contact angle measurements from a macroscopic point of view.
However, the contact angle results cannot distinguish between monolayer and
multilayer coverage and cannot give information about the thickness of the
resulting APTES layers.The only information provided from the contact angle
data is that the silanized surface becomes more hydrophobic as the APTES
film thickness increases. [65]

5.3.3 Amyloid fibrous assemblies

Amyloid fibrils are insoluble fibrous protein aggregates which are organized
in a specific way and share specific morphological and structural properties.
Abnormal accumulation of amyloids in organs may lead to amyloidosis, and
may play a crucial role in various other degenerative diseases. The term amy-
loid is referred to proteinaceous assembly comprising unbranched long fibrils.
In general, many proteins or peptides can form amyloid fibrils and, thus, there
is not a specific protein associated with amyloid assemblies.

Amyloid assemblies can also be formed by proteins and peptides that do
not participate in the onset and evolution of a disease as a result of misfold-
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ing and/or misassembled events [69]. Morphologically, amyloid fibrils have
a width of about 10nm and length ranging from 1 to 10um (Figure
[70]. They are visible with Transmission Electron Microscopy and Scanning
Electron Microscopy. The internal structure of the fibril is composed of several
p-strands perpendicular to the axis of the fibril [70]. These structures are gen-
erally identified by gold-green birefringence when stained with congo red and
seen under polarized light.The synthesis of such proteins or peptides in vitro
is feasible, and therefore the study of the early stages of their self-assembly as
well as their behavior after the formation of the fibrils is achieved.

A wide range of amyloid assemblies are studied for biological and nan-

Figure 5.15: Morphology of amyloid fibrils (scale bar: 100nm).

otechnological applications constituting a novel field, named bio-nanotechnology.

Adenovirus fibers as a self-assembly system

A distinct class of fibrous proteins is adenovirus fibers that are used as at-
tachment organelles by viruses. Octapeptides derived from this type of fibrous
protein can be used in various biological applications [71]. It was shown that
a sequence of 8 or 6-residue peptides can form amyloid fibrils. These peptides
may, therefore, self-assemble into a fibrous cross-beta structure, with the beta-
strands being perpendicular to the fibril axis.

Inspired from this model, Kasotakis et al synthesized new octapeptides in
order to study their fibril-forming ability, their morphology and their potential
use on bionanotechnological applications. They used a natural self-assembly
natural building block as a scaffold and modified it in order to endow it with
additional functionalities. They chose the 8-amino acid peptide as the starting
building block, N-S-G-A-I-T-I-G. This peptide corresponds to a region in the
adenovirus fiber protein sequence. Then, they opted to synthesize two new oc-
tapeptides by substituting new amino acids only at specific positions.(Figure
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5.16))
In particular, the new designed peptides obtained metal binding affinity

N M-3-G-A--T--G
H,N-Asn — Ser - Gly — &a - e — Thr - llg — Gly- CONH,
M M-C-G-A-LT-1-G
HoN-Asn — Cys — Gly — Ala - g — Thr — llg — Gly-CONH,
MNA M-A-G-A--T-- G

HoM-Asn — Ala — Glv — Ala — lle — Thr — lle — Gly-COMNH,
Figure 5.16: Sequence of the 8-amino acid peptides.

by incorporating cysteines in the sequence of the residues. Cysteine is the
most common metal binding amino acid. One of the new peptide sequences
is the N-C-G-A-I-T-G, where cysteine (Cys) substitutes serine (S). A different
peptide sequence is N-A-G-A-I-T-G, where alanine (A) substitutes serine (S).
The amino acid sequence of the octa-peptides with their code names is shown
in Table 1.

The peptides, having a degree of high purity are, initially, in the form of a
powder and, then, they are dissolved in appropriate buffer solutions. Depend-
ing their concentration and days of incubation, the peptides are self-assembled
and obtain the characteristic structure and morphology of amyloid fibrils. The
structural characterization of the amyloid fibrils is performed with Transmis-
sion Electron Microscopy. The peptide NS exhibits characteristic amyloid
fibrillar morphology. It forms very long thin fibrils with the size ranging from
10 to 40nm width; the fibrils can reach up to 50um in length. The NC peptide
possess, also, amyloid type morphology with a size varying between 20 and
35nm in width; the length can reach several micrometers. [72] Similar features
are observed at the NA peptide.

Application of amyloid fibrils

Self-assembling peptides, which can be characterized as bioinspired fibrous
materials, may have potential applications in the emerging field of bionan-
otechnology, particularly due to the interesting advantages they offer; they are
synthesized and manipulated easily and they are highly stable. Furthermore,
their specific structure and morphology have been extensively studied and,
more significantly, their chemistry can be adjusted concerning their potential
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biological use. [3]

In this work, we examine the attachment of fibrous self-assembling peptides
on the laser-assisted microstructured Si surfaces, constituting our inorganic
substrates. The combination of peptide self-assembling features with chem-
istry can lead to peptide binding on highly rough three-dimensional silicon
surfaces with gradient roughness ratios and wettabilities. In addition, fibrous
peptides can be potentially enriched with functional moieties, such as cell ad-
hesion factors, and their immobilization to the roughened surface of silicon
substrates can enhance the adhesion and the viability of tissue-forming cells.
As a consequence, the micro-structured silicon samples may be biofunctional-
ized and they can be used as three dimensional scaffolds for cell attachment
and growth.

The micro-patterned Si surfaces should be chemically modified in order to
bind the amyloid fibrils. In this work, the used peptides are self-assembled
octapeptides derived from sequences of a natural fibrous protein, the ade-
novirus fiber, as previously described We use the octapeptides NCGAITIG
(NC) and NAGAITIG (NA) which are variants of the peptide NSGAITIG
and self-assemble into amyloid-type fibrils in solution. The method which we
use for the functionalization of our microstructured substrates is described in
the next subsection.

5.3.4 Functionalization of Si microstructures

Ezperimental procedure

Single crystal n-type silicon wafers (100) or microstructured silicon sub-
strates are cleaned in a 10 minute trichloethylene, followed by a 10 minute
acetone, followed by a 10 minute methanol bath, prior to chemical modifi-
cation, in order to clean the organic residues off the samples’ surface. The
samples are, then, thoroughly rinsed in a deionized (DI) water cascade with
three baths, 5 minute each bath. The Si samples are then treated with 40% hy-
drofluoric acid for 90 minutes in order to remove the native oxide layer grown
on their surface. Next, the substrates are rinsed again in the three deionized
water baths for a 5-minute duration in each bath and, finally, they are blown
dry with nitrogen. The silicon substrates are immediately subjected to chem-
ical modification.

The carefully cleaned substrates are covered with a thermally grown ox-
ide layer which provides high density of hydroxyl groups onto their surface.
For thermal oxidation, the samples are placed in a box furnace and heated at
1000 °C for 30 minutes in air. The oxidized samples are then immersed into a
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solution of 30ml anhydrous toluene containing 0.5ml 3-aminopropyltriethoxysilane
(APTES) and silanization takes place. The oxidized samples are incubated in
the above solution at 120 °C for 3 hours, and the amine group derivatization

of silicon wafers is carried out. After the reaction time, the Si substrates
are washed in succession with chloroform (5 minutes), acetone (5 minutes),
methanol (5 minutes), and extensively with water (5 minutes) in order to re-
move the non-covalently absorbed silane molecules. The silanized substrates
are dried with nitrogen. The APTES-modified Si substrates provide reactive
surface amine groups which are positively charged.

The following step of the functionalization scheme is the gold coating of
the silanized substrates. For this, hydrogen tetrachloroaurate, an inorganic
compound with the molecular formula HAuCly, is used as a precursor to gold.
HAuCl, looks like golden yellow crystals and it is hygroscopic. When it is di-
luted in water, HAuC!, consists of the square planar [AuCl]~ ion and the
proton is associated with water. This property is exploited and HAuCl, is
diluted in water at a concentration of 0.1gr/400ul. A small droplet of this
solution is deposited onto the samples for 40 minutes. The substrates are,
then, rinsed twice with deionized water in order to remove the non-bound
gold. The gold, being negatively charged, binds electrostatically to the posi-
tively charged amine groups and, thus, form a uniform layer on the Si samples.
The gold layer formed on the Si substrates plays the role of the cross-linker
between the APTES-modified Si substrates and the peptide fibrils.

For the experiments, aqueous peptide solutions at a concentration of 2
mg/ml and aged for a few days are used. The peptide solutions have been aged
so that self-assembled fibrils have already been formed in solution (reaching
the order of microns in length). A droplet of the peptide solution is spread
onto the micro-patterned and flat substrates. The attachment of the peptides
fibrils on the gold coated surfaces takes place. This is achieved through the
thiol group (-SH) of the peptide fibrils provided by the cysteine amino acid
(Figure which adsorbs on the gold coated surfaces and the strong co-
valent bond (S-Au) is formed. The peptide solutions are incubated on the
silicon substrates for 2 hours at room temperature. The samples are subse-
quently washed three times with water .

Cysteine-containing peptide fibrils (NC) are expected to bind to the chem-
ically modified Si surfaces due to thiol chemistry. On the other hand, the use
of peptide solutions that do not contain cysteine in their sequence seems to be
necessary, since such peptides are not able to be attached on the gold-coated
silicon samples and, thus, they can serve as a control test.

Schematically, the method followed for the covalent attachment of the pep-
tide fibrils on the Si samples is depicted in Figure [5.1§]
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Figure 5.18: Functionalization scheme of Si substrates.

Ezxperimental results

In the previous part of the work, the experimental procedure for Si func-
tionalization and peptide binding is demonstrated. NC peptide is expected to
be bound onto Si substrates due to thiol chemistry, whereas the NA peptide
is not. These assumptions are confirmed by the experimental results. After
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the aforementioned treatment, Si samples are covered with 10nm gold using
the sputtering technique so that they can be visualized with scanning electron
microscopy. Firstly, flat Si substrates coated with gold are immersed in an
aqueous solution of peptides that contain the cysteine residue (NC peptide).
Self-assembled NC fibrils are already formed in solution. A thin layer of pep-
tides will form on the Si samples (Figure . On the other hand, no peptide
attachment is observed in the case of the NA peptide.

Next, the same procedure is followed, also, for the microstructured Si sub-

Figure 5.19: SEM images of flat Si sample coated with self-assembled NC
fibrils (a) at the border and (b) in the center of the peptide (NC) solution
droplet.

strates exhibiting gradient roughness ratios. Peptide conjugation onto struc-
tured Si samples is achieved for three different roughness ratios: low, mid and
high (Figure , Figure and Figure espectively. During the pep-
tides incubation on the silicon substrates, a thin layer of peptides is formed on
the microstructures and the fibrils further grow on them. In particular, at low
roughness (Figure [5.20(a), (b), (c) and (d)) a network of peptide fibrils is cre-
ated among neighboring Si spikes. This network consists of peptide ”bridges”
which link the Si pillars.

At mid roughness, from the SEM images, it is obvious that peptides
bridges are, also, self-assembled between the silicon microstructures. These
peptide bridges can link not only the tops of the Si cones (Figure (a)
and (b)) but also, the top of one cone with the base of another one (Figure
5.21| (a), (c) and (d)). For the fibril bridge to form, a thin layer of peptides
should be formed on the 3D structures (Figure [5.21] (e)). In the case of the
NAGAITIG peptide, self-assembled peptide fibrils are formed in solution but
there is no peptide fibril formation on the functionalized structures. As soon
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Figure 5.20: SEM images of microstructured Si sample (with low roughness)
coated with self-assembled NC fibrils.

as the peptide does not contain a cysteine residue to its sequence, there is
no chemical bonding of the peptide fibrils on the surface and subsequently no
bridges are formed.

At high roughness, a network of peptide fibrils is, also, formed (Figure
5.22| (a), (b) and (c)). The peptide fibrils engulf the the top of the Si cones
(Figure [5.22 (b)) and peptide bridges are formed that link the tops of the
microsrtuctures and, also, their bodies (Figure [5.22] (c)). Additionally, it is
very interesting that two parallel bridges can be formed between two Si spikes
(Figure [.22] (a)).

From Figure (a) and (b), we can observe the formation of the peptide
bridges at higher magnification. For their formation, the existence of a thin
layer of the peptide fibrils onto the Si microstructures is obviously necessary
(Figure [5.23](d), (e), (f) and (g)). Furthermore, the formation of a thin ”pep-
tide sheet” is observed between two Si cones (Figure (c)).

Finally, the network of the peptide fibrils is greatly extended and can reach
up to 30-40 micrometers in length (Figure . Furthermore, it should be
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Figure 5.21: SEM images of microstructured Si sample (with mid roughness)
coated with self-assembled NC fibrils.

noted that the microstructured, functionalized Si surface is not completely
coated with the NC peptide fibrils, whereas, full peptide coverage of the NC
peptides is observed onto the flat, functionalized Si.

5.3.5 Bioactive RGD-peptide

The modulation of the biological response of inorganic materials such as
silicon could allow the design of more appropriate interfaces for implantable
diagnostic and therapeutic silicon-based devices. Silicon-based implantable
devices are of great interest due to silicon’s availability and reproducibility,
low-cost, and its integration ability in microelectronic applications. Surface
modification of silicon substrates through adhesion of small biomolecules (pep-
tides) or larger biomolecules (proteins) could enhance the biofunctionality of
implanted biomedical devices.

More specifically, in the engineering of tissue growth, the extracellular ma-
trix (ECM), which surrounds cells in a tissue, plays a pivotal role in the main-
tenance of cell phenotype and behavior. The fundamental role of the ECM
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Figure 5.22: SEM images of microstructured Si sample (with high roughness)
coated with self-assembled NC fibrils.

scaffold has led to structuring of material surfaces towards mimicking its fea-
tures. As we have seen, ultrafast laser Si processing is a simple but an effective
technique for the fabrication of three dimensional (3D) Si scaffolds with gra-
dient roughness ratios and wettabilities. The modified surfaces, exhibiting
controlled dual-scale roughness at both the micro- and the nano- scale, are
subsequently used as culture substrates to facilitate cell seeding, adhesion and
proliferation. The cell response to the micropatterned substrates depends on
both physical and chemical properties, such as topography and surface energy,
indicating that cell-surface interactions take place at multiple length scales
and are subjected to variations of surface chemistry.

In particular, the ability of biomaterial surfaces to regulate cell behavior
requires control over surface chemistry and microstructure. Cell attachment
and cell growth are inherently affected by the microstructuring of silicon sur-
faces. However, one of the greatest challenges with silicon-based microdevices
is the improvement of biocompatibility and tissue integration. This may be
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(d) (e) (f)

Figure 5.23: SEM images of microstructured Si sample (with high roughness)
coated with self-assembled NC fibrils at higher magnification.

(a)

Figure 5.24: Top-view SEM images of microstructured Si sample coated with
self-assembled NC fibrils

achieved by modified the exposed microstructured silicon surfaces with bioac-
tive peptides. The RGD peptide can be used in order to alter the biological

response of silicon substrates.
The cell adhesion factor RGD (or Arg-Gly-Asp) refers to the amino acid
sequence containing argnine (R), glycine (G) and aspartic acid (D) side chains.
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This peptide is involved in interactions between integrin proteins located in the
cell membrane of most cells of the body and extracellular matrix proteins, such
as fibronectin. It is expected that the immobilization of RGD peptide to the
surface of materials can enhance adhesion of tissue forming cells. Integrins are
heterodimeric cell surface receptors that were found in early studies to mediate
adhesion cells and the extracellular matrix (ECM), by binding to ligands with
an exposed arginine-glycineaspartate (RGD) sequence. These receptors also
stimulate intracellular signaling and gene expression involved in cell growth,
migration, and survival. Consequently, the impact of such bioactive peptides
bound onto microstructured Si substrates on cell adhesion and growth should
be thoroughly investigated.
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Concluding Remarks

This dissertation has presented a method for inducing morphological mod-
ifications on the surface of Si upon ultrafast laser irradiation in reactive gas
atmosphere or water environment. Such surface modifications can lead to
changes in the optical and wetting properties of crystalline silicon. Si can be,
also, altered to a great candidate for biological applications.

The main topics of this thesis are summarized below.

a) Increased optical absorptance
The use of laser structuring in reactive gas atmosphere (SFs) or in water envi-
ronment is a promising technique for improving the optical absorptance of Si.
We have found that laser structuring in SFs improves the optical absorption
substantially not only by increasing the absorptance in the wavelengths above
the Si band-gap, but also at below-band gap wavelengths (>1100 nm), where
crystalline Si does not normally absorb. Increasing the absorptance of Si up
to more than 90% in the wavelength range of 250 nm<A<2500 nm, gives the
ability of using Si for applications related to detection of NIR wavelengths,
which are specifically interesting for telecommunication applications and in-
frared imaging. Furthermore, upon laser processing in water the absorptance
of nanostructured Si increases significantly and is about 95% in the wavelength
range between 350nm and 1000nm.

b) Wetting response
Additionally, we have demonstrated that laser structuring in a reactive gas
atmosphere or in water environment can be used for rendering the initially
hydrophilic Si surface hydrophobic. This is a direct consequence of the mor-
phology of the structured Si surfaces.

c) Biological applications
Finally, the adherence and viability of fibroblast cells on laser-structured Si
surfaces has been investigated. It has been demonstrated that the patterned Si
substrates can be potentially used as model scaffolds for the systematic explo-
ration of the role of 3D micro/nano morphology and/or surface energy on cell
adhesion and growth. We have, also, shown, a biofunctionalization technique
in order to bind on microstructured Si surfaces amyloid peptides.

In summary, this thesis has shown that pulsed laser structuring in a re-
active gas atmosphere or in aqueous environment is an efficient technique for
improving the properties of Si, and extending its use into new types of applica-
tion. Even though there are several scientific domains where laser-structured
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Si may contribute to, we believe that we have provided insight to the potential
use of Si as a biomaterial substrate in the field of tissue engineering.
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